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ABSTRACT OF THE DISSERTATION
SIMULATING EVERGLADES NATIONAL PARK HYDROLOGY AND
PHOSPHORUS TRANSPORT UNDER EXISTING AND FUTURE SCENARIOS
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Professor Fernando Miralles-Wilhelm, Major Professor
The Florida Everglades has a long history of anthropogenic changes which have impacted the quantity and quality of water entering the system. Since the construction of Tamiami Trail in the 1920’s, overland flow to the Florida Everglades has
decreased significantly, impacting ecosystems from the wetlands to the estuary. The
MIKE Marsh Model of Everglades National Park (M3ENP) is a numerical model,
which simulates Everglades National Park (ENP) hydrology using MIKE SHE/MIKE
11software. This model has been developed to determine the parameters that effect
Everglades hydrology and understand the impact of specific flow changes on the hydrology of the system.
As part of the effort to return flows to the historical levels, several changes to the
existing water management infrastructure have been implemented or are in the design
phase. Bridge construction scenarios were programmed into the M3ENP model to
review the effect of these structural changes and evaluate the potential impacts on
water levels and hydroperiods in the receiving Northeast Shark Slough ecosystem.
These scenarios have shown critical water level increases in an area which has been
in decline due to low water levels. Results from this work may help guide future
decisions for restoration designs.
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Excess phosphorus entering Everglades National Park in South Florida may promote the growth of more phosphorus-opportunistic species and alter the food chain
from the bottom up. Two phosphorus transport methods were developed into the
M3ENP hydrodynamic model to determine the factors affecting phosphorus transport
and the impact of bridge construction on water quality. Results showed that while
phosphorus concentrations in surface waters decreased overall, some areas within
ENP interior may experience an increase in phosphorus loading which the addition
of bridges to Tamiami Trail. Finally, phosphorus data and modeled water level data
was used to evaluate the spectral response of Everglades vegetation to increasing
phosphorus availability using Landsat imagery.
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CHAPTER 1

INTRODUCTION

A numerical model of hydrology in the Florida Everglades has been developed and
utilized to determine: i) the effects of future and proposed structural changes to the
water management system and ii) the fate and transport of the limiting nutrient for
Everglades ecosystems - phosphorus. The model was able to simulate phosphorus
loading to Everglades National Park under future water deliveries schemes. Finally,
a statistical model was developed to interpret the effect of phosphorus loading to
Everglades vegetation.

1.1

Background

Historically, the Florida Everglades ranged from south of Lake Okeechobee to Florida
Bay in what was once a slow-moving sheet of water characterized by dense aquatic
vegetation such as sawgrass and periphyton. The system was expansive, covering
over 10,000 square kilometers of southern Florida (Stone and Legg, 2001), and the
dense vegetation pulled much of the nutrients out of the water column resulting in a
phosphorus-limited, oligotrophic ecosystem. Figure 1.1 shows the estimated historical
and present-day extent of the Florida Everglades (Chimney and Goforth, 2006).
In the early 1900s, drainage of the Everglades began with the cutting of canals
and the building of levees. In 1928, the Tamiami Trail (U.S. 41) was constructed,
diving the north to south flow of Everglades waters. Since it’s construction, Tamiami
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Trail been the primary physical, geographical, and hydrological barrier separating
the Everglades from its water flows (NPS, 2010). By the 1970s, less than half of the
original existing Everglades remained untouched; with the rest compartmentalized,
channelized, dammed, gated, pumped, and drained by a highly managed system controlled by the South Florida Water Management District (SFWMD) (Stone and Legg,
2001). These hydraulic changes to the Everglades have placed stress on the native
flora and fauna with the timing and distribution of water (hydroperiods) altered dramatically. With much of the Everglades drained, urban and agricultural development
increased, most especially to the east. Rainfall runoff from these developed regions
has increased nutrients to the naturally oligotrophic system, placing ecosystems into
imbalance (Chiang et al., 2000).

Figure 1.1: Historical and Present-day extent of the Florida Everglades (from (Chimney and Goforth, 2006))

Whereas drainage and agricultural development were the focus in the 1920s, and
flood protection and water supply were the focus in the 1940s, the 1970s and 80s saw
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a refocus on water quality issues as a result of public outcry from the intense algal
blooms in Lake Okeechobee (Gunderson and Light, 2006). Since then, various management efforts have sought to recover the endangered resources of the Everglades,
including both water quality and water deliveries focused programs. With the acquisition of 107,000 acres in 1989, which expanded the federally protected Everglades
National Park further east, plans to improve flows to Northeast Shark River Slough
began (NPS, 2010). The Modified Water Deliveries Project began in 1989, with the
purpose of restoring “the natural timing, volume, and distribution of flows to Everglades National Park to the extent practicable, necessitating modification to the
Tamiami Trail north of Northeast Shark River Slough” (Boler and Sikkema, 2010).
However, it was not until the United States Congress authorized the 2009 Omnibus
Appropriations Act that work began on bridge construction and future roadway and
canal planning. In 2013, bridge construction was completed along a one-mile section
of the Tamiami Trail in an attempt to improve ecosystem connectivity to the Park. An
additional 2.6 mile bridge near the L-67 canal is also in the planning phase. These
bridges are intended to increase ecosystem connectivity between WCA 3a (Water
Conservation Area 3a) and Northeast Shark River Slough; and, in conjunction with
water level increases, will promote the addition of flows into the slough and restore
hydroperiods to a more natural cycle (Boler and Sikkema, 2010).

1.2

Research Motivation

The management of Everglades waters has been continually changing since it began
a century ago, adapting to meet the social needs and objectives of the time. However, many of these changes have been largely reactive, rather than pro-active, and
driven by local-scale planning issues, political interests, and governmental mandates
(Gunderson and Light, 2006). The Central and Southern Florida project for Flood
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Control (CS&F) was authorized in 1948 by Congress under the widely-accepted idea
that extensive drainage and compartmentalization of the Everglades was purely beneficial. Today it is widely-accepted that the CS&F project has caused such extensive
environmental damage that what remains of the ecosystem is biologically threatened
(Chimney and Goforth, 2006).
What was lacking in 1948, and may be under-emphasised by ENP decision-makers
today, is scientific understanding of the large-scale and complex processes which affect the ecosystem. Extensive data collection, ecosystem monitoring, and advanced
research have been ongoing for decades now, building onto that body of Everglades
knowledge. It is now possible to model areas as large as ENP and determine the
parameters which affect water flow and water quality. Potential Everglades restoration efforts can be simulated to provide decision-makers with the potential impacts of
their plans while they finding that balance between increasing water flows to ENP and
maintaining flood-control for urban and agricultural areas. It is the goal of my dissertation research to model Everglades water, in quantity and quality, and determine
the effects of future restoration efforts.

1.2.1

Previous studies

Numerical modeling can be used to explore the hydrogeochemistry and management
scenarios of the Everglades. Several previous modeling studies have been conducted
to address these long-term effects of phosphorus loading to the Everglades. Buzzelli
et al. (2000) created a model to simulate periphyton carbon (C) and phosphorus
(P) growth as a tool to explore potential effects of external P loading on the pristine ENP. The model utilized the in-situ flume P-enrichment study results (Childers
et al., 1999; Gaiser et al., 2004) and focused on responses of periphyton, soils, macrophytes, and consumer biogeochemical properties to P inputs. The C and P growth
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model by Buzzelli et al. was used to identify factors that regulate periphyton growth
and examine the role of periphyton in TP cycling under input scenarios. The model
calculated average daily periphyton biomass for a period of 365 days. They found
that periphyton biomass did not follow the seasonal cycle; it followed the horizontal
TP loading profile, reinforcing the understanding that phosphorus is the most influential factor for Everglades periphyton communities (Buzzelli et al., 2000). The C
and P growth model, by Buzzelli et al., was limited by the simplification of the P
cycling; phosphorus was only able to enter the system, be consumed or recycled by
periphyton, settle out, or exit the system. The interaction of phosphorus with other
chemicals, oxygen, benthic vegetation, or the movement of phosphorus through the
system as detritus or floc was not considered. Suspended sediments were not used as
a phosphorus transport mechanism. Additionally, the model was applied on a small
scale and did not account for surface water/groundwater interactions. While the
model was able to successfully illustrate the importance of phosphorus in periphyton
communities, it was not able to reliably estimate the timing of maximum periphyton
biomass. Results from the C and P growth model, by Buzzelli et al., may have improved by integrating the periphyton model with a more complete hydrological model
which included overland flow, subsurface flow, evapotranspiration, rainfall, and soil
properties as factors influencing water flow and phosphorus transport.
The Everglades Water Quality Model (EWQM) was developed by Raghunathan
et al. in 2001 to determine the external loads that would lead to “no imbalance” phosphorus levels for biota in the everglades. The EWQM uses an empirical approach by
creating an apparent net settling rate coefficient (aggregate of multiple biogeochemical processes in one term) which is then used in a mass balance equation. A net loss
term represented the sum of all the physical, biological, and chemical processes that
act to change the P concentration within a cell. Each cell is 3.2 x 3.2 km and the
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study area is the entirety of the remaining Florida Everglades from the Water Conservation Areas to the edge of Everglades National Park (ENP) ending in Florida Bay.
The EWQM is useful in achieving a general understanding of the rates of transport
and accretion of phosphorus over the entire Everglades. However, the biogeochemical and physical processes which determine phosphorus movement are not explored
individually and the low spatial resolution does not allow for much detail within each
basin. For ecosystem assessment and management needs at a smaller scale (i.e. at the
basin scale), it is important to have fine spatial and temporal resolution to gain the
ability to simulate hydrologically controlled releases on daily and hourly basis and at
finer spatial scales of interest. For instance, EWQM model averages all the timesteps
over a monthly time scale, which tends to remove any critical nutrient spikes in the
data. The model raised some serious mechanistic warnings as well. The model cannot account for cells which experience completely dry conditions. It will skip any
dry cells for the duration of the dry months and resume the phosphorus concentrations from the previous wet months. While the South Florida Water Management
Model (SFWMM) (SFWMD, 2005) in conjunction with the EWQM have been able
to describe regional overland water flows and depths as well as phosphorus levels,
the models are limited by their large cell size which generalizes many of the unique
wetlands features as well as any water control structural changes.
A spatio-temporal phosphorus transport and cycling model was developed to evaluate the Everglades Nutrient Removal Project (ENRP) in Stormwater Treatment
Area 1 (STA1) by Paudel et al. (2010). The hydrological model develops the information necessary to simulate P transport; which is divided into advection-dispersion
transport and a flexible biogeochemical reaction module. However, separate processes
affecting P dynamics, such as resuspension and chemical precipitation, are not independently calculated. The model focuses on a Stormwater Treatment Area, which is
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designed as a buffer for high nutrient loading from the agricultural areas which drain
into the Everglades. Using a similar model on a more natural, or less designed, region
of the Florida Everglades would provide more insight to the immediate and long-term
effects of P loading. In addition, Paudels hydrodynamic model includes overland flow
coupled with groundwater flow (Paudel et al., 2010). However, the water quality is
only calculated for overland flow and ignores the critical interaction with subsurface
flow. Harvey et al. (2006) modeled the spatial distribution of tritium measurements
and concluded that the interaction between surface water and groundwater in the
Everglades is relatively small but significant, especially when considering its effect on
solute fate and transport and storage (Harvey et al., 2006).
Remote sensing is becoming a useful tool for monitoring the health and productivity of large remote areas of the world as a consequence of the availability of repeating
data acquisition from multiple satellites. Historical imagery can now trace changes in
vegetation coverage over multiple decades. Rivero et al. (2009) attempted to address
the long-term effects of P loading to the Everglades using remote sensing modeling.
The study by Rivero et al. was limited by the single image acquisition and the types of
indices used for correlation. Once the relationships between the spectral reflectance of
the vegetation and the vegetation type and productivity are established, information
about the nutrient content in the surrounding area can be inferred. Some ecosystem
components such as vegetation and water can be directly measured with remote sensing; however, information such as total phosphorus content in soils and floc must be
inferred via statistical relationships to spectral data (Rivero et al., 2009).
The Mike Marsh Model of Everglades National Park (M3ENP), developed in 2011
by the Applied Research Center at Florida International University and the National
Park Service in Homestead, FL, is a physically defined numerical model which has
successfully simulated surface and groundwater flows and levels within ENP (Cook,
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2012). In Chapter 3 of the present research, the M3ENP model is used to explore
the effects of bridge construction and canal water level increases on ENP water levels
and flows.
Hydrology provides the mechanism by which phosphorus moves and is considered
the most important factor in the phosphorus transport regime (Haygarth and S. C.,
1999). By adding a water quality module to the hydrodynamic results of the M3ENP
baseline and bridge addition simulations, phosphorus loading to ENP is spatially and
temporally quantified. Chapter 4 demonstrates the water quality model development
and validation and quantifies phosphorus loading to ENP using the simulations representing the construction of the 1-mile and 2.6-mile bridges. Chapter 5 develops the
water quality model further by introducing phosphorus uptake and release kinetics
into a mass balance model.
Chapter 6 of this research utilizes statistical modeling to develop relationships
between phosphorus content of the Everglades and the spectral reflectance of vegetation measured from space. Modeled phosphorus data from the M3ENP Water
Quality model was used to develop statistical relationships between phosphorus (in
selected media such as soils, periphyton, vegetation, water, etc.) and spectral bands
and indices from Landsat images. The statistical correlations established through
this investigation provide a quick-look tool for ecosystem stakeholders to determine
Everglades nutrient levels and ecosystem health with every new satellite image obtained. In addition, the indices can provide ENP managers and stakeholders with
a simple and efficient monitoring tool which also provides remote sensing visuals for
communication to the public about the effects of phosphorus.
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1.3

Objectives

The work completed and described in this doctoral dissertation was driven by the
primary goal of determining phosphorus fate and transport in Everglades National
Park. To complete this work, three specific objectives were identified:
1. Model water flows and levels throughout the domain with both current and
future conditions.
2. Using the water movement results, determine the phosphorus transport through
ENP with both current and future conditions.
3. Determine the long-term effects of phosphorus loading to ENP by combining
remote sensing techniques with modeled results.

1.4

Notes on Dissertation Structure

The present dissertation is arranged according to how the watershed model was developed. The work begins with the model development in Chapter 2, then moves on
to how that model was utilized in simulations in Chapter 3. The dissertation then
advances to the development of advection-dispersion-reaction module in Chapter 4,
and then an even more complex user-designed phosphorus mass balance module in
Chapter 5. The paper ends with a look into the potential for using remote sensing to determine critical understanding of how phosphorus can change an ecosystem
Chapter 6. Chapters 3 and 4 were prepared for publication in separate peer-reviewed
journals; consequently, some of the main ideas of the paper (including the the cost of
anthropogenic changes on Everglades wetland ecosystems and the impact of restoration efforts) may be reiterated so that each of the papers could stand alone.
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CHAPTER 2

DEVELOPMENT OF THE MIKE MARSH MODEL OF
EVERGLADES NATIONAL PARK (M3ENP)

Crucial to the completion of the objectives was the development of the numerical
model for determining water flow in the surface and subsurface of the model domain.
Chapter 2 provides a detailed description of the processes and equations describing
water movement, which are developed into the Mike Marsh Model of Everglades National Park (M3ENP) numerical model. Chapter 3 refers directly to hydrodynamic
results calculated using this model, and water quality Chapters 4 and 5 refer to processes which are calculated using the hydrodynamic results of this model. Therefore,
this chapter may serve as the mathematical basis of the dissertation. Calibration
results of the M3ENP are shown in Appendix A.

2.1

Site Description

The M3ENP model domain, shown in Figure 3.1, is approximately 2,720 sq km and
includes parts of Everglades National Park (ENP), WCA 3a and 3b (Water Conservation Areas just north of ENP), and urban and agricultural areas of Miami-Dade
County in South Florida. Figure 2.1 shows the model domain location in South
Florida. The focal region encompasses a range of ecosystems including ridge and
slough, wet prairies, tree islands, pine forests, cypress forests, upland pine forests,
mangrove forests in estuarine regions, and agricultural areas (Stone and Legg, 2001).
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Hydroperiods can vary widely in these ecosystems and include permanent inundation
in sloughs and mangrove forests, seasonal inundation in the wet prairies and cypress
forests, daily inundation in tidal zones, and permanently dry in the upland pine forests
(Boler and Sikkema, 2010). Seasons in South Florida are driven by changes in rainfall
and evapotranspiration. The wet season in South Florida is from June to October,
during which two thirds of the annual precipitation falls (Abtew, 1996).

Figure 2.1: The M3ENP model domain is located in South Florida and includes
regions of ENP, WCA3a, and urban and agricultural areas of Miami-Dade County.

Soils in this system range from calcitic marl to organic peat (Zhou and Li, 2001).
Peat in the Everglades plays a crucial role in landscape and ecosystem development,
and is sensitive to hydroperiods and drainage (Boler and Sikkema, 2010). Underlying
the soils is the surficial aquifer system, which is comprised of everything from the land
11

surface down to the top of the intermediate confining unit and is the source of most of
the potable water used in southeastern Florida. Within the surficial aquifer system is
the Biscayne aquifer which is a highly transmissive system composed of several rock
layers including the thin Miami Oolite formation and the Fort Thompson formation
(Fish and Stewart, 1991). Cut through the soils and rock are the canals and levees
which control water flow to and away from ENP. The main channels are the L-29
canal which runs west to east and the L31N canal which runs south to the C-111 and
then southeast out to the Atlantic Ocean.

2.2

Methods

The numerical model calculates the physical processes of the hydrological cycle using
well-established equations. The two-dimensional diffusive wave Saint Venant equations describe overland flow (OL), the Kristensen and Jensen methods (Kristensen and
Jensen, 1975) are used for evapotranspiration (ET), the one-dimensional Richards’s
equation for unsaturated zone flow (UZ), and a three-dimensional Boussinesq equation
for saturated zone flow (SZ) (Christiaens and Feyen, 2002). The partial differential
equations are solved by implicit finite difference methods, while other methods (i.e.,
evapotranspiration) in the model are empirical equations obtained from independent
experimental research (Refsgaard and Storm, 1995; Havnø et al., 1995). The equations are built into the commercially available software MIKE SHE/MIKE 11 by DHI
Group, LLC, which is used to develop the M3ENP model. Details on these numerical
modeling methods are provided in the following sub-sections.

2.2.1

Channel flow

The model computes water levels, discharges and flow velocities at all nodes on the
basis of the one-dimensional Saint Venant equations. The differential equations are
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solved using a 6-point implicit finite difference scheme with alternating flow and stage
points along the channel which can be applied to both subcritical and supercritical
flows (Havnø et al., 1995). The channel flow component was built from USGS river
delineations. Channel cross sections were determined from topography data and
design as-builts. Channel structures such as culverts, weirs, gates and pumps were
developed based on designs obtained from SFWMD and DERM as described in Cook
(2012). Canal water level inputs were obtained from NPS, SFWMD, or USGS.
During normal flow regimes, river flow in MIKE 11 is allowed seep into the MIKE
SHE saturated zone (SZ). Flow from the channel to the SZ is calculated as Q = C ·∆h,
where C is conductance and ∆h is the head difference between the river and the model
grid cell (DHI, 2012). The conductance (in m2 /s) represents the exchange between
surface water and groundwater per unit head difference.
Conductance is calculated differently depending on the type of river bed lining.
If the material which lines the river bed is sufficiently thick in comparison to the
aquifer material, or the head loss from the river is much larger than that in the
aquifer, the conductance is calculated using the river bed leakage rate only. If there
is no permeable river bed lining and the river is in full contact with the saturated
zone, the conductance is calculated using the saturated zone horizontal hydraulic
conductivity. If there the river bed lining is sufficiently permeable, both the river bed
leakage rate and the saturated zone horizontal conductivity can be used to calculate
the conductance (DHI, 2012).
To simulate inundation of the flood plain, the option for Direct Overbank Spilling
to and from MIKE 11 was used. The flood plain is defined as part of the MIKE SHE
topography. Since the bank elevation is used to define when a cell floods, a special
emphasis was placed on ensuring that that the cross-sections are consistent with the
topography, especially in the areas where flooding was simulated. The table in the
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simulation log file was used to locate any inconsistencies and the elevation data of the
cross section was revised. The availability of fine grid and detailed DEM has reduced
the inconsistencies and the amount of interpolation and averaging when creating the
model topography.

2.2.2

Evapotranspiration

The actual ET and the actual soil moisture status in the root zone were calculated
from the potential evaporation rate, the maximum root depth (RD), and the leaf
area index (LAI) for each vegetation classification. In MIKE SHE, the ET process
proceeds as follows: i) a portion of rainfall is intercepted by the canopy (at a storage
capacity of 0.05 mm) and evaporates, ii) the remainder reaches the soil and adds
to runoff or percolates into the upper soil layer, iii) part of the infiltrating water is
either transpired by plant roots or evaporated, iv) and the remaining water recharges
the groundwater. When the saturated zone rises to a level that is within the UZ
(as is common in the wet prairies of the Everglades), transpiration is calculated as a
distributed loss from both the SZ and UZ.
Figure 2.2 shows the vegetation types defined from the USGS GAP survey (USGS,
2010). Vegetation types were aggregated from the survey on the basis of parameter
similarity and spatial connectivity. Each vegetation type has specified LAI and RD
values which are used in the calculation of transpiration. The LAI varies seasonally, increasing in the months of the wet season, but RD is considered unchanging
with time. Figure 2.3 is an example of the variable LAI and RD approximation for
Sawgrass.
The SFWMM gridded daily rainfall data was acquired for this model. These data
is interpolated from hundreds of rainfall stations over south Florida using a Triangular
Irregular Network (TIN) and gridded with a 4 square mile cell size (SFWMD, 2005).
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Figure 2.2: Vegetation type for the study area (modified from (USGS, 2010))

Figure 2.3: Leaf Area Index timeseries for Sawgrass. The LAI varies between 3 and
4 and Root Depth remains at 250 mm.

2.2.3

Overland flow

When the net rainfall rate exceeds the infiltration capacity of the soil, the model
allows water to accumulate on the ground surface. The accumulated water is then
available as surface runoff and is routed downhill towards the river system. The exact
route and quantity is determined by the topography and flow resistance, as well as the
losses due to evaporation and infiltration along the flow path (Refsgaard and Storm,
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1995). Overland flow is calculated using the diffusive wave approximation for the
Saint Venant equations and the friction slope is solved using the Manning’s equation.
Manning’s values were initialized on the basis of vegetation friction and calibrated
for each subdomain in the model, the resulting values are shown in Figure 2.4. Manning’s M is the inverse of Manning’s n (M = 1/n); higher values describe areas with
lower surface roughness including paved areas and bare soil, while lower M values
are associated with densely vegetated areas which increase surface roughness. For a
planar surface of infinite width with uniform rainfall; precipitation falls on the plane,
builds on the surface in response to the surface roughness, and flows down the slope
in the positive x-direction. Flow is adjusted for surface friction using Manning’s
equation is as follows:
u(x, y) =

1
Sf x1/2 R2/3
n

(2.1)

where R is the hydraulic radius, Sf is the friction slope of the water surface, and n
is Manning’s number. Assumed values for Manning n (Chow, 1959) range between
0.01-0.10 (i.e., range between concrete and vegetated area, heavily vegetated areas
can have n as high as 0.20).

2.2.4

Unsaturated zone

Transport of water in the unsaturated zone is driven by the gradient of the hydraulic
head, ∆h, which has both a gravity component, z, and pressure component, Ψ, such
that h = z + Ψ. While the reference value for the pressure head is the atmospheric
pressure, unsaturated conditions can produce negative pressures as a result of interstitial capillary forces and adsorptive forces between the water molecules and soil
matrix. The pressure head component Ψ is therefore considered negative while above
the water table (unsaturated) and positive while below (saturated). The MIKE SHE
model utilizes the Richards Equation and an iterative coupling procedure between
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Figure 2.4: Calibrated Manning’s M values used for friction slope calculations

the unsaturated zone and the saturated zone to calculate the correct soil moisture
and water table dynamics.
Incorporating the hydraulic conductivity K(θ) from Darcys Law, the volumetric
soil moisture θ, the root extraction sink term S, the pressure head Ψ, and the soil
water capacity C; Richards equation is derived:


∂
∂Ψ
∂K(θ)
∂Ψ
=
−S
K(θ)
+
C
∂t
∂t
∂z
∂z

(2.2)

Parameters for the soil moisture equation were obtained from the Carsel and Parrish (1988) database. Values of saturated hydraulic conductivities and van Genuchten
water retention parameters were identified for each of the soil texture types in the
study area.
Soil types vary widely, from marl to a variety of peat soils as shown in Figure 2.5.
Areas which maintain standing water throughout most of the year typically accumulate a layer of organic peat which is formed during the deposition of sawgrass and
other emergent plants (Harvey et al., 2006). In other regions, the soils may be a
calcitic mud called marl (Stone and Legg, 2001). Soil type data was modified from
17

(NRCS; USGS, 2006). Many of the soil types were aggregated on the basis of soil
parameter similarity and spatial connectivity.

Figure 2.5: Unsaturated zone soil types (modified from NRCS; USGS (2006))

Unsaturated zone exchange with the saturated zone is solved using an iterative
mass balance method which conserves mass in the water column by considering outflows and source and sinks to the SZ. Recharge to the groundwater is calculated based
on the actual soil moisture distribution within the UZ and is affected by groundwater
levels, UZ storage, and soil properties.

2.2.5

Saturated Zone

Hydrogeologic sections of the study area reveal several formations, aquifers, and confining units (Fish and Stewart, 1991). However, it was necessary to simplify the
system into a 2-layer saturated zone. The first layer is the thin Miami Oolite layer
from the land surface down to the top of the Fort Thompson Formation. The Oolite
layer can be as deep as 6 meters below the surface in the south east to less than a
meter below the surface in the northwestern section of ENP. The second layer is the
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remaining section of the Biscayne aquifer which ranges from 40 to 70 meters below
the surface. It is comprised of several semi-confining and aquifer layers including the
Fort Thompson Formation, Key Largo Limestone, and the Tamiami Formation (Fish
and Stewart, 1991). At the base of the second layer is a confining unit through which
all fluxes are considered zero.
Horizontal and vertical hydraulic conductivity measure the capacity of the aquifer
material to transmit water in each direction. Values for horizontal hydraulic conductivity in the SZ Layer 1 were calculated and interpolated from transmissivity and
aquifer thickness data provided in Fish and Stewart (1991). Horizontal hydraulic
conductivity in SZ Layer 2 was calibrated in subbasin sections. Figure 2.6 shows the
horizontal hydraulic conductivity for both SZ layers.

Figure 2.6: Horizontal hydraulic conductivity for the saturated zone layers.

The hydraulic head in the saturated zone is calculated using the three-dimensional
groundwater flow equation. Exchange from the saturated zone with other hydrological
components, such as the channel flow and unsaturated zone modules, is calculated
along the boundaries of these other components and solved implicitly or explicitly as
sources and sinks to the groundwater flow equation. The governing flow equation for
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the 3-D saturated flow in saturated porous media is as follows:
∂
∂x
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(2.3)

where Kxx , Kyy , Kzz , are the hydraulic conductivities in three dimensions, h is the
hydraulic head, Q represents the source/sink terms, and S is the specific storage
coefficient. Specific storage is defined as the volume of water released per volume of
aquifer per unit decline in head. For this study, both SZ layers used specific storage
coefficient of 0.0001 m−1 .

Pumping
One pumping well was incorporated into the model to account for SZ losses in this
region. The well is at 21.95 meters below the ground surface and is into the SZ Layer
2. The theoretical well represents the FKAA (Florida Keys Aqueduct Authority)
wellfield just outside of the ENP boundary, but included in the M3ENP domain as
shown in Figure 2.1. Pumping was set to a constant rate of 0.9345 m3 /s (33 f t3 /s)
for the simulation period.

2.3

Results

Calibration for the M3ENP was performed for several subdomains within the model
domain to determine sensitive parameters such as Manning’s number and hydraulic
conductivity (Cook, 2012). Model best fit was evaluated using stage and discharge
observed data at over 100 sites within the model domain for the 2000 to 2010 period.
For each monitoring station with observed data a set of statistical parameters was
calculated, including:
1. ME: mean error equal to the sum of the difference observed minus calculated
divided by the total number of samples
20

2. MAE: sum of the absolute difference of observed minus calculated divided by
the total number of samples
3. RMSE: root mean square of the observed minus computed
4. STD: standard deviation of the residual
5. NS: fraction of the error relative to the measured fluctuation
6. COVAR: standard deviation of the residual
7. COR: covariance of the observed and modeled stage divided by the product of
the standard deviations
8. PEV: a measure of how much two variables change with respect to each other
(in this report the PEV factor is provided as fraction rather than a percent).
The Nash-Sutcliffe Coefficient yields a percentage of the error relative to the measured fluctuation. The N S is sensitive to mean differences in measured and computed,
which can yield large negative values. The Nash-Sutcliffe model efficiency coefficient
(N S) compares the residual squared to the measured variance as shown in Equation
2.4.
2

NS = 1 −

ΣTt=1 (htm − hto )
2
ΣTt=1 hto − ho

(2.4)

The following tables provide all of the calculated statistical parameters for several key areas within the model domain. These areas include the Northeast Shark
Slough region (NESS) and the L-31N canal (Figure 2.7),downstream Shark Slough
(SS) near the mangrove boundary (Figure 2.8), and the Taylor Slough (TS) and
Southern Glades region (Figure 2.9).
Figure 2.7 shows locations for the monitoring sites listed in both Table 2.1 and
Table 2.2. The statistics show that the model performs well in this region (NS above
0.75 on average).
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Table 2.1: Statistical parameters for stations in the vicinity of NE1 within Northeast
Shark Slough
Station
NE2
NE4
NE5
BRDG53
L67XW
L67XE

N
3743
3667
3864
4368
3784
3824

MAE
0.16
0.20
0.19
0.18
0.25
0.18

RMSE STD
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

NS
0.87
0.75
0.72
0.75
0.84
0.86

COVARCOR
0.34
0.94
0.37
0.88
0.32
0.89
0.24
0.91
0.45
0.95
0.32
0.93

PEV
0.88
0.75
0.72
0.75
0.88
0.87

Table 2.2: Statistical parameters for stations in the vicinity of NE3, adjacent to or
within the L-31N canal.
Station
NE3
G3576
G3578
G3576
L31NMILE1
L31NMILE3
L31NMILE4
L31NMILE5
L31NMILE7
G3272
S334 HW
S334 TW
S336 HW
G211 HW

N
3707
3914
3912
3914
3929
3941
3955
3921
3928
3951
3972
3972
3950
3785

MAE RMSE STD
0.51
0.01
0.01
0.18
0.00
0.00
0.24
0.01
0.00
0.18
0.00
0.00
0.23
0.00
0.00
0.23
0.00
0.00
0.25
0.01
0.00
0.23
0.00
0.00
0.22
0.01
0.01
0.38
0.01
0.01
0.12
0.00
0.00
0.20
0.01
0.00
0.21
0.01
0.00
0.22
0.01
0.01
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NS
0.66
0.87
0.86
0.87
0.74
0.73
0.71
0.73
0.69
0.77
0.91
0.70
0.71
0.67

COVARCOR
0.55
0.93
0.49
0.96
0.69
0.95
0.49
0.96
0.24
0.87
0.23
0.86
0.23
0.86
0.23
0.86
0.22
0.84
0.89
0.90
0.24
0.98
0.24
0.87
0.24
0.86
0.22
0.84

PEV
0.80
0.90
0.90
0.90
0.74
0.73
0.72
0.73
0.69
0.79
0.96
0.75
0.73
0.70

Figure 2.7: Monitoring station locations within the area of Northeast Shark Slough
and along the L-31N canal.
Table 2.3: Statistical parameters for stations in the vicinity of P35, in southwest
Shark Slough near the mangrove boundary.
Station
P35
CN
SH1

N
3943
4220
3788

MAE
0.51
0.16
0.34

RMSE
0.01
0.00
0.01

STD
0.01
0.00
0.01

NS
-0.10
0.82
0.65

COVAR COR
0.31
0.77
0.18
0.92
0.40
0.83

PEV
0.34
0.84
0.66

Figure 2.7 shows locations for the monitoring sites listed in both Table 2.1 and
Table 2.2. The statistics show that the model performs well in this region (NS above
0.75 on average). Figure 2.8 shows locations for the monitoring sites listed in Table
2.3. The statistics show that the model correlates well with the observed data, with
a correlation coefficient of 84%.
Figure 2.9 shows locations for the monitoring sites listed in Table 2.4, and includes
monitoring stations within Taylor Slough and along canals such as the C-111. Not
shown in Figure 2.9 is the FROGPOND site which is farther north of station R158
along the C-111 Canal. The statistics show that the model performs well in this
region (NS above 0.74 on average).
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Figure 2.8: Monitoring station locations within the area of southern Shark Slough

Figure 2.9: Monitoring station locations within the area of southern Taylor Slough

Additional calibration results are provided in Appendix A, which provides figures
for observed versus modeled data and exceedance probability curves at each of the
monitoring sites.
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Table 2.4: Statistical parameters for stations in the vicinity of P37, in the Southern
Glades and Taylor Slough.
Station
FROGPOND
R158
EVER4
G1251
G3619
P37
OL
E146
2.4

N
3520
3938
3859
3581
3945
3972
3968
3919

MAE RMSE STD
0.51
0.01
0.01
0.37
0.01
0.01
0.20
0.00
0.00
0.22
0.01
0.00
0.22
0.01
0.01
0.14
0.00
0.00
0.13
0.00
0.00
0.11
0.00
0.00

NS
0.52
0.71
0.69
0.73
0.61
0.87
0.87
0.95

COVARCOR
0.91
0.80
0.58
0.87
0.28
0.89
0.36
0.92
0.27
0.84
0.40
0.96
0.30
0.95
0.30
0.99

PEV
0.52
0.74
0.69
0.83
0.64
0.88
0.90
0.96

Conclusions

The M3ENP was developed to simulate water flows and levels of Everglades National
Park. The model uses physical-based equations for the entire hydrological cycle;
including rainfall and evapotranspiration, channel flow, overland flow, and flow in the
subsurface. The M3ENP model is capable of simulating water levels in ENP with
greater accuracy than any other existing model with a comparable scale. Such a
model is necessary to provide insight into ENP hydrodynamics and to simulate the
effects of external forcings or anthropogenic changes.
The following chapters describe how this calibrated model was used to i) simulate
water movement under a variety of future conditions, ii) simulate the transport and
fate of phosphorus through ENP under current and future conditions. Water level
data from the M3ENP model were also used to help filter spectral data in Chapter 6.
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CHAPTER 3

ANALYSIS OF BRIDGE CONSTRUCTION AS A HYDROLOGICAL
RESTORATION TECHNIQUE FOR EVERGLADES NATIONAL
PARK, FL, USA USING HYDROLOGICAL NUMERICAL
MODELING

3.1

Abstract

Since the construction of Tamiami Trail in the 1920’s, overland flow to the Florida
Everglades has decreased significantly, impacting ecosystems from the wetlands to the
estuary. As part of the effort to return flows to the historical levels, several changes
to the existing water management infrastructure have been implemented or are in
the design phase. These changes include the construction of two bridges (a 1- mile
and a 2.6 mile bridge) and the removal of Tamiami Trail roadway as well as increasing canal water levels to increase head elevations north of Everglades National Park
(ENP). A numerical model of ENP hydrology was developed using MIKE SHE/MIKE
11 software to review the effect of these structure changes and evaluate the potential
impact of bridge construction. Model simulations show that the newly constructed
1-mile bridge along Tamiami Trail will increase water delivery to Northeast Shark
Slough (NESS) by about 5.6%. The 1-mile bridge plus the proposed 2.6-mile bridge
will increase flows by 10.4% from the baseline flow. These simulations also show
an increase of flow to the eastern canals by less than 1% for each scenario, demon-
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strating that bridge implementation along Tamiami Trail will have a minimal impact
on eastern canal operations and flood management. Hydroperiod analysis demonstrated that bridge construction alone can increase water levels in large areas of ENP
by an additional 0.3 m above Baseline conditions for an additional 7 days annually.
Additional simulations were conducted to demonstrate the effect of proposed water
level increases for canals north of the Park. Raising water levels in the canal by up
to one foot (0.3 meters) increased overland water levels up to 21 cm in some areas
within ENP. These simulations demonstrate that a general increase in water levels
and hydroperiods within ENP will be achieved by adding bridges to the Tamiami
Trail roadway and by increasing water levels in the canal.

3.2

Introduction

The Everglades of southern Florida is a unique wetland that once flowed in a slowmoving sheet of water from the southern rim of Lake Okeechobee out to the Gulf of
Mexico and Florida Bay. The Everglades is now a highly managed system controlled
by a series of canals, levees, pumps, and compartmentalized Water Conservation Areas (WCAs), completed in the 1960’s and 70’s. Water levels throughout the region
are controlled to provide flood protection to urban and agricultural areas, regulate
Lake Okeechobee water levels, and provide irrigation for the Everglades Agricultural
areas south of Lake Okeechobee (Stone and Legg, 2001). After over a century of
changes to the hydrology of the system, the remaining natural Florida Everglades
are currently limited to a protected area in the southern portion of the original Everglades, its original size reduced by half (Chimney and Goforth, 2006). Changes to the
natural Everglades, including drainage, urbanization, and agricultural development,
have caused spatial and temporal alterations of the wetlands and have led to a decline
in the quality and quantity of water that enters Everglades National Park (ENP).
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These changes in the hydrology of southern Florida have had profound impacts
on the Everglades ecosystems, which have been widely recognized as unique, important and worthy of protection (Chimney and Goforth, 2006). The Comprehensive
Everglades Restoration Plan (CERP), initiated in the late 90’s, represents the political and cultural recognition of the importance of this ecosystem, the past declines
in environmental quality, and the continued threats to the natural character of the
remaining Everglades (NRC, 2012). Prolonged or altered hydroperiods in coordination with high nutrient loading has led to the increase of cattail communities and
decline of sawgrass and periphyton, placing historical ecosystems and food webs into
imbalance (Chiang et al., 2000). Reduced hydroperiods and water depths, specifically
in Shark Slough, have shown to cause peat oxidation and tree island reduction; however, conservation area decompartmentalization and hydrologic restoration may offer
a means to recover tree island habitats (NRC, 2012). Water management choices
now have a direct and measurable impact on Everglades habitat and species diversity
(Armentano et al., 2006).

3.2.1

Modeling Efforts

The validity and reliability of distributed model results is often a matter of the accuracy and availability of model parameters; however, even simplified models can
provide insight into flow patterns, improve knowledge of the hydrology of the area,
and identify areas where more information is needed and lacking (Refsgaard and
Storm, 1995).
Numerical modeling of Everglades hydrology has been ongoing since the development of the South Florida Water Management Model (SFWMM) in the 1980’s, a
water balance model with an extensive spatial domain (SFWMD, 2005). Other Everglades modeling efforts focus on improved spatial and temporal resolution (Bolster
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and Saiers, 2002; Langevin et al., 2005), increased vertical discretization for detailed
subsurface studies (Chui et al., 2011), and enhanced parameter estimations such as
hydraulic resistance (Bolster and Saiers, 2002; Min et al., 2010). However, there remained the need for a hydrological model of ENP with finer resolution and more
accurate results in the wetlands and the associated canal system.
The MIKE Marsh Model of Everglades National Park (M3ENP), a hydrological model built through the collaborative efforts of the Applied Research Center at
Florida International University and the National Park Service, began development
in 2011. This surface water/ground water numerical model uses the commercial
modeling software MIKE SHE/MIKE 11 by DHI to evaluate hydroperiods and hydropatterns in the wetlands (Cook, 2012) and to better understand the impacts of
historical and proposed structural operations. The domain for the M3ENP model is
shown in Figure 3.1.

3.2.2

Restoration Plans

Tamiami Trail, a U.S. highway which connects Tampa and Miami, was constructed
in 1928 with little to no concern or understanding of the impacts it might have on
the surrounding marshland. The Trail cuts directly across the Florida Everglades
and created one of the first structural impediments to the natural water flows into
the southern Everglades. The L-29 canal runs parallel to Tamiami Trail, conveying
water from west to east. Water from the canal is allowed to flow southward under
the roadway impediment at regularly spaced structures and gated culverts; however,
flows at these points are inadequate to restore water flow to ENP and Northeast Shark
Slough without adverse impacts to the roadway or tree islands (Boler and Sikkema,
2010).
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Figure 3.1: The M3ENP model domain (outlined in red) is located in southern Florida
and includes a large portion of Everglades National Park. Tamiami Trail/US-41 marks
the northern boundary for ENP. Water level monitoring stations provide the water
level data for model calibration and validation.

Congress directed the National Park Service (NPS) to evaluate the efficacy of
converting some of Tamiami Trail into bridges for the purpose of restoring water flow
and promoting ecological connectivity in the 2009 Omnibus Appropriations Act. As
a result, the Modified Water Deliveries (MWD) plan to convert a 1-mile section of
the Trail to bridgeway was approved and construction on the first Everglades bridge
began in late 2009 (Boler and Sikkema, 2010).
In 2010, the Department of Interior and the National Park Service endorsed a plan
to construct an additional 2.6 miles of bridgeway on Tamiami Trail to increase water
deliveries to Northeast Shark Slough (NESS). The plan will also raise the water levels
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in L-29 canal up to 8.5 ft NGVD (USACE, 2013) to provide a water level gradient
to promote north-south water flow; consequently, the roadbed must be raised up
to a foot higher to prevent flooding the road (Boler and Sikkema, 2010). To date,
construction of the 1-mile bridge has been completed; no other proposed construction
efforts have broken ground.
The purpose of this work is to evaluate any changes in the hydrology that may be
induced by future restoration efforts (including bridge construction and water level
increases). Using calibrated results from the M3ENP model, this paper evaluates
water flow to ENP from 2000-2010 in three initial scenarios: 1) the current (or Baseline) operations, 2) post-construction of the 1-mile bridge on Tamiami Trail (One
Bridge Scenario), and 3) simulated effects of both the planned 2.6-mile bridge and
the constructed 1-mile bridge (Two Bridges Scenario). In addition, proposed canal
water level increases are evaluated in coordination with the bridge scenarios.

3.3
3.3.1

Methods
Site Description

Figure 3.1 shows the model domain location in South Florida. This region encompasses a range of Everglades ecosystems including ridge and slough, wet prairies,
tree islands, pine forests, cypress forests, upland pine forests, mangrove forests in
estuarine regions, and agricultural areas (Stone and Legg, 2001). Hydroperiods can
vary widely in these ecosystems and include permanent inundation in sloughs and
mangrove forests, seasonal inundation in the wet prairies and cypress forests, daily
inundation in tidal zones, and can be permanently dry in the upland pine forests.
Seasons in South Florida are driven by changes in rainfall and evapotranspiration.
The wet season in South Florida is from June to October, during which two thirds of
the annual precipitation falls (Abtew, 1996).
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Soils in this system range from calcitic marl to organic peat (Fish and Stewart,
1991; Zhou and Li, 2001). Peat in the Everglades plays a crucial role in landscape
and ecosystem development, and is sensitive to hydroperiods and drainage (USACE,
2013). Underlying the soils is the surficial aquifer system, which is comprised of
everything from the land surface down to the top of the intermediate confining unit
and is the source of most of the potable water used in southeastern Florida. Within the
surficial aquifer system is the Biscayne aquifer which is a highly transmissive system
composed of several rock layers including the thin Miami Oolite formation and the
Fort Thompson formation (Fish and Stewart, 1991). Canals and levees control water
flow to and away from ENP. The main channels are the L-29 canal which runs west
to east and the L31N canal which runs south to the C-111 and then southeast out to
the Atlantic Ocean.

3.3.2

Model Development

The M3ENP modeling system consists of a 3-dimensional saturated and unsaturated
groundwater flow and 2-dimensional overland flow model (MIKE SHE) coupled with a
1-dimensional river flow model (MIKE 11). The hydrological processes are described
by physical laws of conservation of mass, momentum and energy. The MIKE 11 model
is a one-dimensional modeling tool for the detailed analysis, design, management and
operation of both simple and complex river and channel systems. The MIKE 11 Hydrodynamic (HD) module solves the one-dimensional vertically integrated equations
for the conservation of continuity and momentum, i.e., the Saint Venant equations
(Havnø et al., 1995).
The equations and methods developed into the MIKE SHE/MIKE 11 software are
well documented (Refsgaard and Storm, 1995; Havnø et al., 1995) and the use of this
software has been established as a viable method for wetlands research (Rahim et al.,
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2012), karst aquifers (Doummar et al., 2012), and Everglades communities (Michot
et al., 2011). Therefore, only minimal technical details of the model development will
be included in this paper. For a more detailed technical description of the M3ENP
model, please refer to Cook (2012).
The M3ENP model domain, shown in Figure 3.1, is approximately 2,720 sq km
and includes parts of Everglades National Park (ENP), WCA 3a and 3b, and urban
and agricultural areas of Miami-Dade County in South Florida. For these simulations,
the model spatial resolution was 400m and the water levels and flows are simulated
with a daily timestep.
In the M3ENP model, the two-dimensional diffusive wave Saint Venant equations
describe overland flow (OL), the Kristensen and Jensen methods (Kristensen and
Jensen, 1975) are used for evapotranspiration (ET), the one-dimensional Richards’s
equation for unsaturated zone flow (UZ), and a three-dimensional Boussinesq equation
for saturated zone flow (SZ) (Christiaens and Feyen, 2002). Table 3.1 lists the model
components and their solutions and interactions with the other model components,
i.e., Channel Flow interacts with the Saturated Zone by infiltration and with the
Overland Flow by overbank spilling. The partial differential equations are solved by
implicit finite difference methods, while other methods (i.e., evapotranspiration) in
the model are empirical equations obtained from independent experimental research
(Refsgaard and Storm, 1995; Havnø et al., 1995).

3.3.3

Model Scenarios

Canal and structural changes were implemented into the MIKE 11 files and topographical changes were implemented into the MIKE SHE model to simulate water
flows in ENP using pre-construction, the construction of the 1-mile bridge, and the
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Table 3.1: Model component overview
Model Component
Solution Scheme
Interactions
Channel Flow (Rivers)
1-D Saint Venant equations
SZ, OL
Evapotranspiration (ET) Kristensen
and
Jensen
UZ, OL
method
Overland Flow (OL)
2-D Saint Venant equa- UZ, SZ, Rivers, ET
tions/Manning’s law for friction slope
Unsaturated Flow (UZ) Richard’s Equation, van
OL, SZ
Genuchten for soil moisture
Saturated Flow (SZ)
3-D groundwater flow equaUZ, OL, Rivers
tion
proposed 2.6-mile Tamiami Trail bridge. These three scenarios (illustrated in Figure
3.2) use observed water level data from 2000 to 2010.

Figure 3.2: Bridge placement along Tamiami Trail for the M3ENP models. The
M3ENP-MB model scenarios include water quality simulations with no bridges (Baseline Scenario), with just the 1-mile bridge (One Bridge Scenario), and with both the
1-mile and 2.6-mile bridges (Two Bridge Scenario).

Baseline
The Baseline scenario considers structures and operations that existed from 1999 to
2010. Water level data after the completion of the 1-mile bridge construction were
not obtained. The MIKE 11 canal network includes canal reaches, water control
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structures (with gate operations), weirs, culverts, and leakage pathways between the
river and the saturated zone (SZ). Cross sections of the canal reach were determined
from topography and design data. Each canal reach boundary point is assigned
conditions such as daily flow or water level.
Northeast Shark Slough (NESS) receives water input from the eastern section of
the Tamiami Canal (L-29 Canal) which is bounded by water control structures S333
to the west and S334 to the east. This segment of the Tamiami Trail has a series of
19 outlets which convey water from the L-29 canal into NESS, each outlet has three
culverts ranging from 42 to 60 inches in diameter (NPS, 2010).

One Bridge
The One Bridge model scenario includes the construction of the 1-mile Tamiami Trail
bridge with the section of roadway under the bridge removed. The 1-mile bridge was
implemented into the model by changing the three culvert outlet at Culvert 57 to a
mile-wide broad crested weir and increasing the cross section from 100 ft wide (30.48
m) to 1 mile wide (1.6 km). All flow through neighboring Culvert 56 and Culvert 58
was shut off due to the overlapping cross section of the new bridge. This One Bridge
Scenario setup is illustrated in Figure 3.2.

Two Bridges
The Two Bridges model scenario is simulated as if the 1-mile and proposed 2.6-mile
Tamiami Trail bridges were built and the section of roadway under the bridges were
removed. The 2.6-mile bridge was implemented into the model in two parts. First,
the three culvert outlet at Culvert 42 was changed to a mile-wide broad crested weir
and the cross section was increased to 1 mile wide (1.6 km). Second, the three culvert
outlet at Culvert 44 was changed to a 1.6 mile-wide broad crested weir and the cross
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section was increased to 1.6 miles wide (2.6 km). Flow through the surrounding
Culvert 43 and Culvert 45 was shut off due to the overlapping cross section of the
new bridge sections. This Two Bridge Scenario setup is illustrated in Figure 3.2.

Canal water level increase
In an effort to increase head elevations within NESS, USACE (2013) has proposed
to increase the water levels in the L-29 canal by raising tailwaters at key structures.
Canal water levels are currently controlled via a series of gated structures which allow
water to enter the canal and which allow water to flow out toward the Atlantic Ocean.
To simulate the proposed increase in water levels within the L-29 canal, the tailwater
(TW) head at structure S333 was increased for water levels greater than 2.134 m (7.0
feet). Canal structure S333 (shown in blue in Figure 3.2) is the primary structure
providing flows to L-29 to maintain and regulate water levels. The following set of
control parameters were used at S333 to create a gradual increase in the canal water
levels above 2.134 m:
H ∗ = H + 1.5(H − 2.134) (For H ≥ 2.134m)
∗

(3.1)

∗

H = 2.591

(For H > 2.591m)

Where H is the observed tailwaters at S333 and H ∗ is the adjusted water head
levels. The control parameters do not allow for water flow above 2.591 m (8.5 ft),
in accordance with the proposed stage changes. The maximum stage level creates a
minimum embankment below the proposed roadbed to prevent washout and flooding,
a crucial component of the Army Corps proposal (USACE, 2013).
Figure 3.3 illustrates the average observed and modified tailwater levels for the
simulation period (2000-2010). The modification provides a realistic interpretation of
the proposed canal water level increases. The increase in canal water levels will facilitate the flow of water southward into NESS by creating a gradient in the surface water
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Figure 3.3: Averaged daily modified and observed tailwaters for structure S333.

potential head. However, before the water level can be raised, the existing roadway
must also be raised to protect the roadbed from washout. Therefore the implementation of the raised water levels will be postponed until the roadway requirements are
met (USACE, 2013).

3.4
3.4.1

Results and Discussion
Model Calibration and Validation

Cook (2012) documented the model calibration for the baseline model, which was
performed for several subdomains within the model domain to determine sensitive
parameters such as Manning’s number and hydraulic conductivity. Model calibration
was performed using stage and discharge observed data at over 100 sites within the
model domain for the 1987 to 1997 period. Parameters such as UZ van Genuchten
values, UZ hydraulic conductivities, Manning’s M values, canal leakage coefficients to
SZ, and SZ hydraulic conductivities were optimized using exploratory and statistical
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analysis to calibrate the model. The model was then validated for the 1999-2010
period, which includes the construction of detention areas.

Figure 3.4: Model validation from 2000 to 2010 at water level monitoring station NE1
in Northeast Shark Slough. Modeled data is shown in black and observed data is in
red.

Figure 3.4 shows an example of the model performance at one location within
NESS for the 2000 to 2010 time period. Water elevation (and ground surface elevation,
GSE, at 1.74 m or 5.7 ft) is shown in the top graph, probability of exceedance of water
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level is shown in the middle graph, and averaged monthly water levels are shown in
the bottom graph. Simulated water elevations for the base condition are compared
with observed water elevations from NE1, a station located within the discharge area
of the proposed 2.6 mile bridge (NE1 location is shown in Figure 3.1). The N S value
for this location is 0.87, which indicates that the modeled water levels correspond
closely with the observed data.
The probability that the water level elevation will exceed 7 ft (2.1 m) during the
evaluation period is around 0.5 for both the observed and modeled data; however,
there is a much lower probability (<0.1) that the water level elevation will exceed 7.5
ft (2.3 m). The probability of exceedance metric illustrates that the model is capable
of simulating the extreme water levels with the same frequency as the model. The
entire model performs well statistically, with minimal error (RMSE = 0.18 - 0.24).
Additional M3ENP model validation can be found in Cook (2012).

3.4.2

Canal Discharges

Compared with the baseline modeled cumulative discharge, there was an increase in
discharge of 5.59% with the addition of the 1-mile bridge from the eastern Tamiami
Trail section which provides flows to NESS. Figure 3.5 shows the breakdown of these
changes in flow for each Culvert along Tamiami Trail. Culverts 43, 45, 56, and 58
were turned off due to the overlapping bridges and are shown as zero in the graph. For
the One Bridge Scenario, flows increase to the NESS region by 116% and specifically
through Culvert 57 by 407%. Flows decrease at all remaining operational culverts by
6%. Despite these decreases, the total flow to Northeast Shark Slough increases by
5.6% with the One Bridge Scenario. An additional 4.4 cu. km (or 35,827.5 kAF) of
water entered the park annually during this simulation period.
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Figure 3.5: Average discharge (m3 /s) changes along the eastern section of Tamiami
Canal (L-29) for the Baseline, One Bridge, and Two Bridges Scenarios. Culverts 41
through 59 run west to east. Culverts 43, 45, 56, and 58 were turned off due to the
overlapping bridges and are shown as zero in the graph.

Compared with the baseline modeled cumulative discharge, there was an overall
increase in discharge of 10.4% with the Two Bridge Scenario. Flows increase from the
baseline flow to the NESS region by 695%. Flows through Culvert 42 increase by 233%
and through Culvert 44 by about 532%. Flows decrease at all remaining operational
culverts by 14% because of the release of flow at both of the bridges. Despite these
decreases, the total flow to NESS increases by 10.4%. An additional 8.2 cu. km
(or 66,354.8 kAF) of water entered the park annually during this simulation period.
While adding the 1-mile bridge to the model increased discharges to the park by 5.6%,
the addition of the second and larger bridge increased flows by 4.5%. The almost
double increase in flows shows the importance and impact of the additional bridge
length. However, an increase in infrastructure of 260% does not equally increase
discharge; therefore, there are diminished returns when using bridge infrastructure as
a restoration technique.
With the additions of the bridges, flows increase to the NESS region by 5.6%10.4% and much of that water remains within the park and discharges through the
historical flow path and into Shark Slough. Discharge through the canal structures
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along the eastern boundary of the ENP increased by less than one percent for both
bridge additions. The modeled result may alleviate some concerns that increasing flow
under Tamiami Trail will increase flooding risk in the agricultural areas east of ENP.
Increasing flows to NESS while keeping the flows contained within the park has the
potential to increase water levels where they had been low and return hydroperiods
to a more natural cycle for this region.

3.4.3

Surface Water Levels

Figure 3.6 illustrates the difference from Baseline surface water probability exceedance
percentage for the One Bridge (1-mile bridge) and Two Bridges (1-mile and 2.6-mile
bridges) scenarios. The probability exceedance is calculated for each cell within the
model domain as the percent probability that water levels will be above a specified
value within the 2000-2010 simulation period. Explored here are 0.15 m (half a
foot), 0.30 m (one foot), and 0.45 m (one and a half feet) depth of overland flow
values (measured from the ground surface to the top of the water surface). To better
illustrate the effects of the bridges on surface water levels, the percent probability
exceedances for the One Bridge and Two Bridge scenarios were subtracted from that
of the Baseline. The Two Bridges scenario (with the 1-mile and the 2.6-mile bridge)
showed the greatest effect on surface water depth. While the largest increase in water
depth exceedance occurs near the bridge locations, the impact is seen throughout
Shark Slough and in some areas of Taylor Slough.
Hydroperiod analysis showed that in the Two Bridge scenario, compared to Baseline conditions, over 160 sq. km of the model domain was flooded above 0.30 m for an
additional 7 days annually. Table 3.2 provides a numerical summary for Figure 3.6
and quantifies the impact of these scenarios at exceedance thresholds of 0.15 m, 0.30
m, and 0.45 m. In Table 3.2, the total area within the model domain that exceeded
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Figure 3.6: Percent probability exceedances for water levels of the One Bridge and
Two Bridge scenarios. The graphs show the difference from Baseline for percent
probability above 0.15m, 0.30m, and 0.45m overland water depth.
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Table 3.2: Exceedance and hydroperiod analysis for the One Bridge and Two Bridge
Scenarios above 0.15 m, 0.30 m, and 0.45 m overland water depth.
Exceedance
Threshold

Scenario

Area (sq km)

>0.15 m

One Bridge
Two Bridges
One Bridge
Two Bridges
One Bridge
Two Bridges

31.2
82.2
89.8
160.5
15.5
38.1

>0.30 m
>0.45 m

Average
Number of
Days Exceeded
Annually
5.0
5.8
5.7
7.6
5.2
6.8

the thresholds determined calculated by multiplying the cell count by the cell area
(400m x 400m). This value indicates indicates that both Bridge Scenarios had higher
water levels than the Baseline. The Average Number of Days Exceeded Annually
demonstrates that the hydroperiods were longer in both Bridge Scenarios than in the
Baseline Scenario.
Despite the increase in discharge to NESS with the inclusion of both bridges,
the depth of surface water within NESS increases very little. The small increase is
primarily a consequence of to two factors: 1) the water disperses quickly and evenly
through the relatively flat terrain and 2) the water level gradient is not steep enough
to push water out of the L-29 and into the slough given the current L-29 water levels.
The USACE (2013) proposed to increase L29 canal water levels to increase the
head elevation north of NESS. To implement this plan, tailwater levels at the control
structure S333 were raised using Equation 3.1 for the One Bridge and Two Bridge
scenarios as described in Section 3.3.3.
Simulation results (Table 3.3) show an increase in depth of overland water in
NESS with the forced increase in tailwater at S333. The addition of the 1-mile bridge
increased water levels at station NE1 in NESS by 4.08 cm on average. The addition
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Table 3.3: Overland water depth increases for two ENP stations located within NESS.
Model Simulation
One Bridge
Two Bridges
One Bridge (with raised
canal levels)
Two Bridges (with raised
canal levels)

NE1 Overland Depth
(cm)
0.20
0.37
4.08

NE2 Overland Depth
(cm)
0.40
0.63
5.15

4.35

5.46

of the 1-mile and 2.6-mile bridge increased water levels at NE1 by 4.35 cm on average.
Water level increases were more pronounced during peak water levels for both bridges.
Figure 3.7 shows the overland water level increases compared to baseline water
levels (in meters) for the entire domain. The top figures show the surface water
increases for simulations which used the observed tailwater (TW) levels for S333.
The bottom figures show the surface water increases for the simulations which used
the tailwater levels modified for S333 using Equation 3.1. A typical wet season date
(8/26/2005) was chosen to illustrate the largest change in water levels. Little to no
change in surface water was observed for the dry season, this may a result of the
disconnectivity of the water flow during days with low surface water level. All scenes
show increased water levels in NESS and Shark Slough, and the two bridge scenario
shows the largest increase. The largest increase in surface water levels occurs with the
Two Bridges scenario using the modified TW levels for S333. The increase in canal
water levels will develop the water level gradient to help promote the southwest flow of
water from L-29 into NESS. The bridge scenarios show surface water level increases
and extended hydroperiods which are a primary goal of the restoration efforts for
ENP.
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Figure 3.7: The depth above baseline for the one bridge and two bridge scenarios over
the model domain on a wet season day (8/26/2005). The images on the top represent
the increase in surface water for the observed tailwater in S333. The images on the
bottom represent the increase in surface water using the modified tailwater conditions
for S333.

3.5

Conclusions

An integrated surface/subsurface hydrological model (M3ENP) was developed for
Everglades National Park in South Florida using MIKE SHE/MIKE 11 software.
The M3ENP model was calibrated using water level elevations at monitoring stations
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throughout the park and showed good performance with the observed data. The
M3ENP model was used to determine changes in flow to ENP which are a result
of proposed bridges construction and canal water level increases. Bridges are being
planned and constructed with the intention of increasing ecosystem connectivity and
water flow into Northeast Shark Slough and moving towards a more natural hydroperiod for the region. Modeling the increase in flow to NESS given certain restoration
scenarios is important for planners to gain confidence in project goals and results.
Several conclusions can be made from the simulation of these restoration efforts:
i) simulated construction of the 1-mile and 2.6-mile bridges will increase discharges
under Tamiami Trail by 5.6% and 10.4%, ii) discharge did not increase significantly
through eastern structures near the agricultural areas (<1% total discharge increase),
iii) bridge implementation increased hydroperiods in large areas of ENP, including
NESS, iv) and increasing water levels in the L-29 canal provided a hydraulic head
which increase water levels in ENP much higher than with bridge construction scenarios alone.
With the 1-mile bridge implemented into the model, discharge to NESS increased
by 0.35 m3 /s on average. Implementing both the 1-mile and the 2.6-mile bridge into
the model increased flows (from the baseline conditions) to NESS by 0.65 m3 /s on
average. The eastern section of the model includes an elaborate network of canals
and detention storage areas used to provide flood control to developed areas and
supply water to agricultural areas. With the implementation of the 1-mile and 2.6mile bridges, flow increased to these canals by less than 1% in total. Therefore,
restoration efforts centered around increasing flows under Tamiami Trail will have
minimal impact on flood control operations to the east.
Hydroperiods, a critical factor in maintaining the health of peat soils, ridge and
slough landscapes, and tree islands, were extended for large areas of the model do-
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main. About 90 sq. km of ENP were flooded above 30 cm for an additional 5.7 days
with construction of the 1-mile bridge, and about 160 sq km were flooded above 30
cm for an additional 7.6 days with the construction of both the 1-mile and 2.6 mile
bridges.
The proposed increase in canal levels was simulated by raising tailwater levels
at control structure S333 which feeds into the L-29 canal. Results of this simulation
showed that the raised water levels created a hydraulic gradient which increased water
levels in ENP up to 21 cm in some regions with this forced tailwater scenario. Implementation of the increased canal water levels will have a large impact on NESS water
levels and hydroperiods. It is recommended that additional evaluation should be
conducted to determine the appropriate stage elevations in the canals which provide
sustainable hydroperiods and water levels for marsh and tree island ecosystems.
Future structural and operational changes can be implemented in the model to
simulate the possible effects on flows and stages within the Park, including proposed
additional bridges (Boler and Sikkema, 2010) and levee and water level changes proposed in the Central Everglades Planning Project (CEPP) (USACE, 2013). Water
level data obtained after the final completion of the 1-mile Tamiami Trail bridge can
be evaluated to validate model performance and adjust model parameters, if needed.
Advection-dispersion and reactive transport modules can also be implemented to simulate the fate and transport of nutrients into ENP under actual conditions as well as
scenario-based conditions given hydrological changes as a result of restoration efforts.
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CHAPTER 4

MODELING THE IMPACT OF RESTORATION EFFORTS ON
PHOSPHORUS LOADING AND TRANSPORT THROUGH
EVERGLADES NATIONAL PARK, FL, USA

4.1

Abstract

Ecosystems of the Florida Everglades are highly sensitive to phosphorus loading. Future restoration efforts, which focus on restoring Everglades water flows, may pose
a threat to the health of these ecosystems. To determine the fate and transport
of total phosphorus and evaluate proposed Everglades restoration, a water quality
model has been developed using the hydrodynamic results from the M3ENP (Mike
Marsh Model of Everglades National Park) - a physically-based hydrological numerical model which uses MIKE SHE/MIKE 11 software. Using Advection-Dispersion
with reactive transport for the model, parameters were optimized and phosphorus
loading in the overland water column was modeled with good accuracy (60%). The
calibrated M3ENP-AD model was then modified to include future bridge construction
and canal water level changes, which have shown to increase flows into ENP. These
bridge additions increased total phosphorus (TP) load downstream in Shark Slough
and decreased TP load in downstream Taylor Slough. However, there was a general
decrease in TP concentration and TP mass per area over the entire model domain.
The M3ENP-AD model has determined the mechanisms for TP transport and quan-
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tified the impacts of ENP restoration efforts on the spatial-temporal distribution of
phosphorus transport. This tool can be used to guide future Everglades restoration
decisions.

4.2

Introduction

The Everglades of southern Florida is a unique wetland that once flowed in a slowmoving sheet of water from the southern rim of Lake Okeechobee out to the Gulf of
Mexico and Florida Bay. After decades of changes to the hydrology of the system, the
remaining Florida Everglades are currently limited to a protected area in the southernmost portion of the original Everglades, and east of the urban zone. Changes to
the natural Everglades include drainage, urbanization, and agricultural development
which have led to a decline in the quality and quantity of water that enters the
Everglades.
Ecosystems in the Florida Everglades are considered ultra-oligotrophic because of
their low dissolved phosphorus (P) concentrations in surface waters, ranging from 5
to 15 µg L−1 . Large spikes of phosphorus entering these areas are removed by the periphyton community, which act as a short-term nutrient absorber or buffer. However,
this removal is not sustainable over long periods of time as the periphyton communities die and return the majority of the phosphorus back to its soluble form, with
only a small fraction precipitating as sediments (Reddy et al., 2006). Aquatic species
in the Florida Everglades have adapted to low phosphorus conditions. Therefore, the
timing, distribution, quantity, and quality of the water entering the Everglades have
a strong influence on the wetlands ecosystem (Chimney and Goforth, 2006).
When P concentrations are high, opportunistic species such as cattail (Typha
domingensis Pers.) tend to dominate over sawgrass (Cladium jamaicense Crantz) by
using the additional phosphorus for growth and production, this increases biomass
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and photosynthesis in the ridge ecosystems. In the slough ecosystems, periphyton
has been shown to decline with added P, allowing other macroalgae to take over and
change the very basis of the food web (Chiang et al., 2000). Phosphorus loading
has shown to be a more influential factor for periphyton biomass productivity than
the seasonal water cycle (Buzzelli et al., 2000). Phosphorus loading can accumulate
in these ecosystems over time and have significant implications for the health of
traditional ecosystems by placing food webs into imbalance; therefore, it is important
to evaluate long-term cumulative effects of P loading (Chiang et al., 2000).

4.2.1

Restoration efforts and their impact

The Florida Everglades has been subjected to a series of water management changes
which have focused on either urban/agricultural flood protection or on environmental
issues arising from hydrological changes and water quality degradation. However, the
management practices have been consistently reactive rather than proactive, resulting
in changes which have resulted in further environmental issues; for example, flooding
protection initiated in the 1940s led to the construction of Water Conservation Areas
(WCAs), canals, and levees, which have negatively impacted Park water levels and
flows (Gunderson and Light, 2006).
In recent years, restoration plans have focused on returning flows to Northeast
Shark Slough (NESS) in ENP and restoring hydroperiods to pre-drainage conditions.
In an effort to jump-start this process, a 1-mile bridge has been constructed along one
of the most significant hydrological barriers to ENP, the Tamiami Trail (Boler and
Sikkema, 2010). In 2010, the Department of Interior and the National Park Service
endorsed a plan to construct an additional 2.6 miles of bridgeway on Tamiami Trail
to increase water deliveries to NESS. In addition, the Central Everglades Planning
Project (CEPP) will increase discharge into the L-29 canal, adjacent to Tamiami
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Trail, to raise the water levels from the maximum operational limit of 7.5 to 8.5 ft
NGVD (USACE, 2013). Raising L-29 water levels will provide a water level gradient
to promote southwest water flow, but will require that the roadbed be raised up to a
foot higher to prevent flooding the road (Boler and Sikkema, 2010).
While these restoration efforts intend to return hydrological performance in ENP
to pre-drainage conditions, it is important to quantify the changes that will occur and
identify any negative impacts. Currently, discharges at culverts and spillways through
Tamiami Trail have been reported to have higher average concentrations of TP than
the ecologically significant threshold of 10 ppb (NPS, 2010). Increasing discharges
may increase total phosphorus (TP) mass flux into ENP, which could lead to further
ecosystem degradation. An evaluation of water quality is crucial to determining the
effects of Tamiami Trail bridge construction on sensitive ENP ecosystems.

4.2.2

Previous Modeling Studies of Phosphorus in the Everglades

Several modeling studies have been conducted to address the long-term effects of
phosphorus loading to the Everglades (Walker, 1995; Buzzelli et al., 2000; Raghunathan et al., 2001; Paudel et al., 2010; Wang et al., 2012). The Dynamic Model for
Storm Water Treatment (DMSTA) (Walker, 1995) and the Everglades Water Quality
Model (EWQM) (Raghunathan et al., 2001) utilize the mass balance approach which
formulates the idea that phosphorus entering the system will either settle out or
leave the system downstream. These methods aggregate the phosphorus settling and
uptake rates into an apparent net settling rate which simplifies the various phosphorus removal pathways. Wang et al. (2012) used the DMSTA aggregated phosphorus
settling rates and incorporated them into the physical-based dispersive mass flux
equation. Similarly, the Regional Simulation Model - Water Quality (RSM-WQ) uses
the advection-dispersion equation for the physical transport of phosphorus through
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the system, yet includes a biological cycling equation with aggregated settling and
uptake mechanisms for changes within the system (James and Jawitz, 2007; Paudel
et al., 2010). In contrast, Buzzelli et al. (2000) applied a more mechanistic approach
with the use of the gross primary production equation which evaluates the biological
processes that occur during the uptake of phosphorus by periphyton.
Harvey et al. (2006) modeled the spatial distribution of tritium measurements,
and concluded that the interaction between surface water and groundwater in the
Everglades is relatively small but significant, especially when considering its effect
on solute fate and transport. The EWQM and the RSM-WQ use hydrodynamic
results from the South Florida Water Management Model (SFWMM), which includes
surface water and groundwater flow equations (SFWMD, 2005), to model P transport.
However, this model sacrifices resolution for complexity and scale, as the grid size is
2x2 miles yet it covers the entire Everglades system from Lake Okeechobee to Florida
Bay.
The ecosystems of Everglades National Park are shown to be sensitive to nutrient
inputs, most especially the inflow of phosphorus via surface water and groundwater
media. While many studies have been conducted in order to determine the appropriate water quality limits for the ENP, the system has not been fully modeled and the
water quality standards have been generalized (Walker, 1995; Buzzelli et al., 2000;
Raghunathan et al., 2001; Paudel et al., 2010). The present paper will address limitations and gaps in these studies by modeling phosphorus fate and transport in the
ENP system with improved spatial and temporal resolution, an integrated surface
water/groundwater hydrological model, and a quantitative biophysical and chemical
characterization of how phosphorus interacts with the environment.
The Mike Marsh Model of Everglades National Park (M3ENP) was developed by
Florida International University’s Applied Research Center in coordination with the
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National Park Service in 2011 (Cook, 2012). The model was used to evaluate the effect
of restoration efforts on water deliveries to ENP including the construction of bridges
along Tamiami Trail, which are intended to restore hydroperiods and hydropatterns
to pre-drainage conditions (Long et al., Submitted 2014). The model was built using
MIKE SHE/MIKE 11 (DHI Group) modeling software, which uses hydrodynamic
equations for overland, unsaturated and saturated flow. Using the hydrodynamic
results (such as water fluxes and depths) from the M3ENP, transport equations can
estimate the movement of phosphorus through the system.
The present paper evaluates phosphorus fate and transport in ENP by incorporating advection-dispersion-reaction equations into the M3ENP hydrodynamic model
(M3ENP-AD). The M3ENP-AD model was calibrated at several stations within ENP
for the 2007 to 2010 period. The model was then used to evaluate the impact of proposed bridge additions on the transport of phosphorus into ENP by incorporating
two bridge construction scenarios. The aim of this paper is to i) develop, calibrate,
and validate a phosphorus transport model for ENP waters and ii) to quantify the
effects of Tamiami Trail bridges (including the 1-mile and 2.6-mile bridges) on ENP
water quality.

4.3

Methods

The M3ENP model domain, shown in Figure 5.1, is approximately 2,720 sq km and
includes parts of Everglades National Park (ENP), WCA 3a and 3b, and agricultural
areas of Miami-Dade County in South Florida (Cook, 2012; Long et al., Submitted
2014). The region encompasses a range of ecosystems including ridge and slough,
wet prairies, tree islands, pine forests, cypress forests, upland pine forests, mangrove
forests in estuarine regions, and agricultural areas (Stone and Legg, 2001).
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Figure 4.1: Model domain (outlined in red) located in southern Florida. Water Quality stations (in purple) were used to calibrate AD model parameters with observed
TP concentrations.

The fate and transport of phosphorus in Everglades National Park was modeled
using a 3-D finite-difference approach. The M3ENP hydrodynamic results for water
levels and velocities were used to calculate the transport of phosphorus in the M3ENPAD model using the advection-dispersion-reaction equation (ADRE). The ADRE
is a numerical technique which has been successfully applied across many spatial
and temporal scales to simulate the mechanisms of solute transport and reaction
(James and Jawitz, 2007). The method evaluates how phosphorus is transported
in the system via advection (moves with the water) and dispersion (moves down a
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concentration gradient), as well as how it interacts with the soil and rocks of the
unsaturated and saturated zones (sorption and desorption).

4.3.1

Advection-Dispersion Model Development

The MIKE SHE water movement module supports the calculation of solute transport in the different parts of the hydrological cycle, including overland flow (OL),
unsaturate zone flow (UZ), and saturated zone flow (SZ). Water flow, water contents,
hydraulic heads and water levels estimated in the water movement simulation are
used to compute the solute transport (Refsgaard and Storm, 1995). Solute transport is calculated in MIKE SHE using the Advection-Dispersion equation, shown in
Equation 5.1.
∂
∂
∂c
=−
(cvi ) +
∂t
∂xi
∂xi



∂c
Dij
+ Rc
∂xj

(4.1)

Where c is the concentration of the solute, vi is the velocity tensor (calculated from
the WM simulation), Dij is the dispersion tensor (from user-specified longitudinal and
transverse dispersion coefficients), and Rc is the sum of the sources and sinks.
The Advection-Dispersion equation is used to calculate the solute concentration
in the Overland Flow for horizontal transport (where i, j = 1, 2 for two-dimensional),
in the Unsaturated Zone for vertical transport (only calculated in the z direction),
and in the Saturated Zone for transport in three dimensions (i, j = 1, 2, 3). The
numerical solution to the advection-dispersion equation in MIKE SHE AD employs
the QUICKEST (Quadratic Upstream Interpolation for Convective Kinematics with
Estimated Streaming Terms) method originally introduced by Leonard (1979). This
method uses a upstream differencing for the advection term and central differencing
for the dispersion term (DHI, 2007).
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For solute transport in the rivers and canals, the AD equation is modified for
one-dimensional flow as shown in Equation 4.2.
∂Ac
∂c
∂ 2c
= −q
+ AD 2 2 − AKC + cs q
∂t
∂x
∂ x

(4.2)

Where q is the lateral inflow, A is the river cross-sectional area, D is the dispersion
coefficient, K is the linear decay coefficient, and cs is the source/sink concentration.
The equation assumes that i) the solute is completely mixed over the cross-sectional
area A, ii) the solute is conservative and undergoes a first-order reaction, and iii) that
the dispersive transport is proportional to the concentration gradient (DHI, 2012).
Two species were specified for the Advection-Dispersion transport: T P (dissolved
total phosphorus in the water column) and T PS (sorbed total phosphorus). The
dissolved species, T P , is mobile in the subsurface and surface water zones of the
model. The sorbed species, T PS , is only available in the subsurface and does not
move with the water as it is fixed to the soil matrix. Total phosphorus is computed
using the AD equation and is sorbed to the subsurface material and transformed to
T PS using sorption processes and solubility maxima.
Dispersion
Modeling of solute transport and dispersion is a useful engineering tool for predicting
the movement of contaminants. Dispersion has been described as the physical phenomena that govern the change in the transition zone between two miscible fluids in a
porous medium (Davis, 1986). A change in concentration results from a combination
of non-uniform velocity distribution and diffusion (DHI, 2012).
In canals, dispersion is largely controlled by the spatial-temporal velocity distribution. The dispersion coefficient, D in Equation 4.3, is determined as a function of
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the mean flow velocity, V , multiplied by a dispersivity factor, a, which is calibrated
for the model.

D = aV b

(4.3)

For simplicity of calibration, the dispersion exponent b was set to zero so that the
dispersion coefficient can be directly specified by the user as the dispersion factor, a.
Typically, the dispersion coefficient in rivers is 5 to 10 m2 /s but can be as high as
30 to 100 m2 /s when secondary processes dominate, such as cross-currents and wind
turbulence (DHI, 2012).
For overland flow, the 2-dimensional Dij is calculated from the longitudinal and
transverse dispersion coefficients (DL and DT ) which are user-specified. The dispersion coefficient Dij is calculated using the following relationships:
2

V2

2

V2

Dxx = D11 = DL VUx2 + DT Uy2
Dyy = D22 = DT VUx2 + DL Uy2

(4.4)

Dxy = Dyx = D12 = (DL − DT ) VUx V2y
Where Vx and Vy are the velocity components and U is the magnitude of the
velocity vector. These components were calculated in the water movement module of
MIKE SHE/11.
Ho et al. (2009) determined Everglades dispersion coefficients from a tracer study
performed in a well-preserved ridge and slough environment in WCA-3A. The results
of their tracer study gave a longitudinal (in the direction of flow) dispersion coefficient
that varied with time from 0.037 to 0.26 m2 s−1 and a constant transverse (perpendicular to the direction of flow) dispersion coefficient of 0.012 (m2 s−1 ) (Ho et al.,
2009). Similarly, (Saiers et al., 2003) performed a tracer study in a 100-m long channel in Shark Slough and determined longitudinal dispersion to be 4.167 × 10−5 m2 s−1 .
While other studies have determined the longitudinal dispersion coefficient to be much
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Table 4.1: Longitudinal dispersion coefficient values from literature.
Longitudinal
Dispersion Coefficient
(m2 s−1 )
4.167 × 10−5
5 × 10−5
0.01
2.1 × 10−5
0.037 - 0.26
0.5

Location

Source

ENP
ENP
WCA 2A
WCA 3A
WCA 3A
WCA 1

(Saiers et al., 2003)
(Harvey et al., 2005)
(Harvey et al., 2006)
(Huang et al., 2008)
(Ho et al., 2009)
(Wang et al., 2012)

lower (2.1e−5 for (Huang et al., 2008), and 5e−5 m2 s−1 for (Harvey et al., 2005)), the
study by Ho et al. (2009) is based on a larger, landscape-scale experiment. Harvey
et al. (2006) used a longitudinal dispersion coefficient of 0.01 m2 s−1 for their model
of surface water/groundwater interactions calibrated with tritium data. Wang et al.
(2012) used a constant dispersion coefficient of 0.5 (m2 s−1 ), but suggest that a spatially varying coefficient may be more accurate. Several modeling studies suggest that
TP is not sensitive to the dispersion coefficient in marsh surface water flow (Harvey
et al., 2006; Paudel et al., 2010; Wang et al., 2012). Table 4.1 lists the longitudinal
dispersion coefficients found in the literature.
In Overland Flow, the dispersion coefficient is user-specified, but for the Unsaturated Zone the vertical dispersion of solutes is determined from the following equation:

D = αL vz

(4.5)

where D is the Unsaturated Zone dispersion coefficient (units of m2 /s), αL is
the longitudinal dispersivity of the porous medium (with units of m) and vz is the
vertical velocity (units of m/s), determined by dividing the flux by the moisture
content vz = q/θ. The longitudinal dispersivity is specified by the user for each soil
type and can vary vertically to account for layered inhomogeneities.
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Overland Dispersion Test
Using a simple model setup in MIKE SHE, a test was performed to determine the
effects of dispersion on the transport plume in surface waters. The Overland Dispersion Test had a model cell resolution of 400 m square and the domain was a square
with 10,000 cells. The hydrodynamic portion of the model was setup such that water
moved from north to south at a constant rate of 2.5 m2 s−1 . A single source cell
was included to provide a pulse of 1,000 g of solute daily at the northern end of
the domain. Several different dispersion values were tested; however, the dispersion
values that had the most effect on the chemical transport were from 0.001 to 1.0
m2 s−1 . Transverse dispersion was input as 10 times less than longitudinal dispersion
(Davis, 1986). Figure 4.2 shows how the plume became much wider with increasing
dispersion.
Field experiments in the Florida Everglades have found that transport plumes in
overland waters are long and thin, with plume widths not exceeding the source width
(Ho et al., 2009). In the Overland Dispersion Test, the minimum width of the plume
did not exceed the width of the source for dispersion values less than 0.01 m2 s−1 .
However, for the calibration of the M3ENP model, a range of values from literature
and testing were evaluated.
The Péclet number is typically used to determine whether a hydrological system
experiences the effects of both advection and dispersion (Huysmans and Dassargues,
2005) and can be used as a model constraint for preventing numerical dispersion
and instabilities (DHI, 2007). For the Overland Dispersion Test, the Péclet number
(calculated as P e = v ∗ L/D) was determined to be 0.625, which is within the model
constraint for numerical stability.
The MIKE SHE model calculates the maximum allowable timestep for water quality simulations by limiting the advective Courant number (σx =
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vx ∆t
)
∆x

and dispersive

Figure 4.2: Comparison of the transport plume using 4 different dispersion values
(a) Long. Disp. 0.001 m2 s−1

(b) Long. Disp. 0.01 m2 s−1

(c) Long. Disp. 0.1 m2 s−1

(d) Long. Disp. 1.0 m2 s−1
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Courant number (Γ =

Dx
∆t)
∆x2

for Overland, Unsaturated, and Saturated Zones (DHI,

2007). In this respect, numerical dispersion and instabilities are avoided. In MIKE 11,
the computational scheme used for the AD model is stable for large Péclet numbers
(> 2) (DHI, 2012).

Reactive Transport
The “Sorption and Decay” module in MIKE SHE allows the calculation of reactive
processes such as the sorption and decay of solutes in the Unsaturated Zone and Saturated Zone. The model extends the advection-dispersion equation to the following:
∂c
∂
∂
=−
(cvi ) +
∂t
∂xi
∂xi

 


∂c
ρb ∂c∗
∂c
+
Dij
+
∂xj
θ ∂t
∂t reac

(4.6)

where the bulk density ρb and porosity θ of the porous medium are included, c∗

term is
is the mass of solutes sorbed per dry unit weight of solid, and the ∂c
∂t reac
referring to a biological or chemical reaction of the solute. The first term on the
right hand side of the equation represents the advection of solutes, the second term
represents dispersion, the third term represents sorption processes, and the last term
represents decay rates.
Equilibrium sorption isotherms can be used to describe the sorption processes in
Equation 4.6. The Freundlich isotherm provides the best fit for Everglades wetlands
sediments (Wang and Li, 2010) and bedrock (Zhou and Li, 2001). However, T P
uptake by macrophytes and periphyton may be the dominant form of removal (Gaiser
et al., 2005; Lai and Lam, 2009). For numerical analysis simplicity, the linear sorption
isotherm was used in the model, and the calibrated value represents a generalized
combination of physical sorption and biological uptake.
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The linear sorption isotherm can be described as a linear relationship between the
amount of solute sorbed onto the soil material and the aqueous concentration of the
solute, shown in Equation 4.7.

c∗ = K D c

(4.7)

where KD is the sorption coefficient, which is related to the organic content of
the soils and which determines the amount of T P that can be sorbed from the total
solute.
Bulk densities of the UZ soils also play a role in the reactive transport. In 2005 a
survey of the Florida Everglades was performed. Soil type was determined by visual
inspection and soil bulk density was analyzed by FIU SERC (Olsen, 2005). Averaged
values give a bulk density of 120 kg/m3 for peat and 380 kg/m3 for marl.
The entire Advection-Dispersion with Reactive Transport process is illustrated in
Figure 4.3. In the Overland Flow and Saturated Zone components, T P in and T P out
represent the total phosphorus entering and exiting (respectively) the calculation cell
at each time step, DT and DL are the transverse and longitudinal dispersion coefficients which are used in Equation 4.4 with the corresponding velocity components.
In the Unsaturated Zone, DV is the vertical dispersion coefficient (determined from
Equation 4.5) and KD is the sorption coefficient (used in Equation 4.7) which is
specified for all sub-surface components.

4.3.2

Phosphorus Sources

Phosphorus loading was applied to the M3ENP-AD model in two ways: i) as observed and constant concentration inflows at canal boundaries and ii) as atmospheric
deposition.
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Figure 4.3: Schematic for the Advection-Dispersion with Reactive Transport process.

Canal Inflows
Phosphorus concentrations are input at all MIKE 11 boundaries as inflow concentrations. A background constant concentration of 0.001 mg/L was used for all boundary
locations as a continuous point source. Observed T P concentration timeseries were
used at critical inflow points such as the S333, S335 and S178 structures where ENP
inflows are controlled with gated structures and flow operations. Modeled canal water
levels and inflows from the M3ENP hydrodynamic model were used to determine the
total loading. Figure 4.4 shows the observed values for each structure on a logarithmic
scale.
The dataset included data from 7/20/2006 to 12/1/2010 and was the limiting
factor for the selection of the simulation period. All model simulations were performed
using these dates.
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Figure 4.4: Observed TP concentrations (in mg/L) for critical inflow structures in
the MIKE 11 model.

Atmospheric Deposition
Historically, wet and dry atmospheric loading was the primary source of phosphorus
for the Florida Everglades (Sklar et al., 2005). Because ambient surface water phosphorus levels are so low, it is important to establish the background loading from
atmospheric deposition. However, many factors influence the calculation of rate of
deposition of phosphorus in the Everglades, including seasonal trends, proximity to
anthropogenic activity, sample contamination, and sampling method (Redfield, 2002;
Walker, 1999).
Redfield (2002) aggregated a range of published atmospheric deposition rates and
determined the average value from locally calculated rates to be 30.1

mg
m2 year

(or 13.2

g/day for the model cell size of 400m) (Redfield, 2002). Ahn and James (2001) measured atmospheric deposition from April 1992 to December 1996 and calculated a
volume-weighted average of 0.0066 mg/L wet deposition and 18.5 mg/L dry deposition for stations within the model domain (Ahn and James, 2001). Walker (1999)
evaluated P deposition rate in the Loxahatchee National Wildlife Refuge and showed

65

that contaminants such as animal material and ash can alter the values dramatically.
The estimated volume-weighted mean ranged from 4.6 to 39.5 ppb wet deposition
annually (Walker, 1999). By measuring P concentrations in weekly composite rainfall samples, Grimshaw and Dolske (2002) found the volume-weighted annual mean P
concentration to be around 1.7 µg P /L (0.0017 mg/L) for Everglades National Park.
A constant concentration was applied to the precipitation rate over the entire domain to represent the Wet Deposition of phosphorus. The precipitation rate for the
model is a daily rainfall map which was interpolated from rainfall gauge stations over
a 1200 m gridded domain. By multiplying the phosphorus wet atmospheric deposition concentration T Patm with the daily rainfall maps, a continuous 2-dimensional
source of T P loading is applied to the models. The rainfall mean P concentration
0.0017 mg/L, determined from Grimshaw and Dolske (2002), was used. A constant
loading of 13.2 g/day of T Pdrydep (taken from (Redfield, 2002)) was applied over the
entire domain as a daily uniform overland loading, representing the Dry Deposition
of phosphorus and is included in the source term of the AD equation.

4.3.3

Tamiami Trail Modification Scenarios

Recent Everglades restoration efforts have focused on increasing the quantity of water
that enters ENP. One focus has been on the construction of bridges along Tamiami
Trail, which is currently acting as a levee and water impediment for north-south flow
into ENP. In addition, USACE (2013) has proposed to increase the water levels in
the L-29 canal by raising tailwaters at key structures as part of an effort to create a
greater head elevation north of ENP. Canal water levels are currently controlled via
a series of gated structures that allow water to enter the canal and flow out toward
the Atlantic Ocean. To simulate the proposed increase in canal stages, the tailwater
(TW) head at structure S333 was increased for water levels greater than 2.134 m (7.0
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feet) (Long et al., Submitted 2014). Three proposed bridge construction scenarios
were evaluated using the M3ENP-AD model: a Baseline scenario, the One Bridge
Scenario (includes the 1-mile bridge and raised canal stages), and The Two Bridges
Scenario (includes both the 1-mile and 2.6 mile bridges and raised canal stages). The
scenarios are explained in Chapter 3 and are revisited in the following sections.

Baseline
The Baseline scenario includes structures and operations that existed from 2007 to
2010. The MIKE 11 canal network includes canal reaches, water control structures
(with gate operations), weirs, culverts, and leakage pathways between the river and
the saturated zone. Cross sections of the canal reach were determined from topography and design data. Each canal reach boundary point is assigned conditions such as
daily flow or water level.
Northeast Shark Slough (NESS) receives water input from the eastern section of
the Tamiami Canal (L-29 Canal) which is bounded by water control structures S333
to the west and S334 to the east. This portion of the Tamiami Trail has a series of
19 outlets which convey water from the L-29 canal into NESS, each outlet has three
culverts ranging from 42 to 60 inches in diameter (NPS, 2010).

One Bridge
The One Bridge scenario includes the construction of the 1-mile Tamiami Trail bridge
with the section of roadway under the bridge removed. The One Bridge scenario
includes an elevated canal stage as controlled by structure S333. The 1-mile bridge
was implemented into the model by changing the three culvert outlet at Culvert 57
to a mile-wide broad crested weir and increasing the cross section from 100 ft wide
(30.48 m) to 1-mile wide (1.6 km). All flow through neighboring Culvert 56 and
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Culvert 58 was shut off because of the overlapping cross section of the new bridge.
Figure 4.5 shows the 1-mile bridge placement over Culvert 57 (C57).

Figure 4.5: Bridge placement along Tamiami Trail for the M3ENP models. The
M3ENP-MB model scenarios include water quality simulations with no bridges (Baseline Scenario), with just the 1-mile bridge (One Bridge Scenario), and with both the
1-mile and 2.6-mile bridges (Two Bridges Scenario).

Two Bridges
The Two Bridges scenario is simulated as if the 1-mile and proposed 2.6-mile Tamiami
Trail bridges were built and the section of roadway under the bridges was removed.
The Two Bridges scenario includes an elevated canal stage as controlled by structure
S333. The 2.6-mile bridge was implemented into the model in two parts. First, the
three culvert outlet at Culvert 42 was changed to a mile-wide broad crested weir and
the cross section was increased to 1-mile wide (1.6 km). Second, the three culvert
outlet at Culvert 44 was changed to a 1.6 mile-wide broad crested weir and the cross
section was increased to 1.6 miles wide (2.6 km). Flow through the surrounding
Culvert 43 and Culvert 45 was shut off due to the overlapping cross section of the
new bridge sections. Figure 4.5 shows the 2.6-mile bridge placement over Culvert 42
and 44 (C42 and C44).
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Table 4.2: Calibrated model parameters for M3ENP-AD.
Parameter
Canal Dispersivity, a
OL Longitudinal Dispersion Coefficient, DL
OL Transverse Dispersion Coefficient, DT
Linear Sorption Coefficient, kD
Wet Atmospheric Deposition, T Prain
Dry Atmospheric Deposition, T Pdrydep
4.4

Units
m2 /s
m2 /s
m2 /s
m3 /g
mg/L
g/day

Value
15.0
0.0001
10−5
Figure 4.6
0.0017
13.2

Results and Discussion

4.4.1

M3ENP-AD Calibration

The M3ENP-AD model was first run with the Baseline scenario. All model results
were compared with the observed values obtained from the Florida Coastal Everglades Long-Term Ecological Research (FCE LTER) Core Data (Childers and Troxler, 2013a,b, 2008, 2013c,d,e). A linear interpolation was performed on the observed
datasets to fill the date range. Observed and Modeled TP loading through the calibration points was calculated using the x- and y-directional Overland Flow values
(Qx and Qy in m3 /s) obtained from the M3ENP water movement simulation and the
observed and modeled TP concentrations.

LoadT P = F lux × Concentration
q
= Q2x + Q2y × CT P

(4.8)

Model performance measures such as the Correlation Coefficient (Corr), Root
Mean Squared Error (RMSE), and the Nash-Sutcliff model efficiency coefficient (NS)
were calculated for each observed dataset and used for exploratory model parameter
optimization.
The M3ENP soil map (developed in (Cook, 2012) using aggregated soil types from
(NRCS; USGS, 2006)) was used to define distinct zones for Linear Sorption Coefficient
values. Values were calibrated for each soil type (Marl, Everglades Peat, Gandy Peat,
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Figure 4.6: Calibrated Linear Sorption Coefficient, kD , for the model domain.

Mangrove Peat, and Rockdale). Observed phosphorus values from locations within
each soil type zone were used to calibrate the modeled results, shown in Figure 4.6.
While the Everglades Peat was calibrated to be very low at an interior station (SRS2),
stations near the canals required a much higher sorption coefficient. Studies have
reported higher linear sorption coefficients for soils near Everglades canals compared
with interior wetlands (Wang and Li, 2010). Vegetation found near canals, such
as cattail (Typha domingensis Pers.), have been found to be much more efficient
at utilizing dissolved phosphorus in the water column than interior species such as
sawgrass (Cladium jamaicense Crantz) which is more adapted to using phosphorus
bound in the soils (Chiang et al., 2000; Brix et al., 2010). To account for these
factors, a higher linear sorption coefficient was used for cells along the L-29 canal
and a linear interpolation was used to gradually decrease the values into the lower
sorption coefficient of the Everglades Peat as shown in Figure 4.6.
Table 4.3 provides an overview of the model performance which was calibrated
using 1,304 observed values at 6 interior TP monitoring sites. In general the M3ENPAD model performed well, with a correlation coefficient of about 60%. The TP load
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Table 4.3: Summarized calibration statistics for the M3ENP-AD model. Statistics
are based on the TP Load (g/day).
Calibration
# of
Site
Observed
Values
SRS1d
303
SRS2
275
263
SRS3
TS/Ph2
205
209
TS/Ph3
49
TS/Ph5
Summary
1304

Max Load
(g/day)

RMSE
(g/day)

NashSutcliff

2866.47
1091.08
2527.91
1093.32
611.54
1047.07
2866.47

185.99
350.04
496.54
207.21
71.60
66.93
229.72

-0.56
0.08
0.04
0.54
0.66
0.70
0.24

Correlation
Coefficient
0.34
0.38
0.34
0.76
0.85
0.88
0.59

ranged from 0 to 2,867 g/day and had an average Root Mean Squared Error (RMSE)
of 230 g/day. The Nash-Sutcliff coefficient, which is another way to determine the
correlation between modeled results and observed values, was 0.24 for the entire
region. Negative Nash-Sutcliff values indicate that the observed mean is a better
predictor than the modeled data.
The M3ENP-AD model performed better in areas near the canals, such as the
Taylor Slough region, than in open and more pristine areas, such as the Shark River
Slough region. This indicates that TP transport in the Shark River Slough region
may be driven by different processes than in the canal-fed areas where advection is
dominant. Figure 4.7 shows the calibration results for the TS/Ph2 site within Taylor
Slough. The majority of the flows through this location are controlled upstream via
gates and weirs, and the advection process may be the dominant form of TP transport.
Additional calibration results for the M3ENP-AD model are shown in Table 4.3 and
the detailed calibration figures are available in Appendix B.

4.4.2

Model Sensitivity

The M3ENP model showed sensitivity to all of the parameters listed in Table 5.1. The
model was sensitive to Canal Dispersivity and OL Dispersion Coefficients at a certain
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Figure 4.7: Calibration results for the M3ENP-AD model at the TS/Ph2 site in
Taylor Slough.

threshold, beyond which the model would produce instabilities (< 15 m2 /s for canals,
and > 0.0001 m2 /s for overland). Wang et al. (2012) also showed model sensitivity to
canal dispersion. However, both Wang et al. (2012) and Paudel et al. (2010) showed
that the marsh models were not sensitive to Overland Dispersion Coefficients. This
discrepancy may arise from the scaling issue associated with dispersion coefficients
(Schulze-Makuch, 2005).
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The model was highly sensitive to the Saturated Zone Sorption Coefficient. Decreasing the SZ Sorption Coefficient by a third increased water column TP values by
an average of about 14%. In addition, the total TP sorbed to the Saturated Zone
accounted for about 83% of the total TP input to the SZ. These results indicate that
sorbtion, as a phosphorus transport mechanism, dominates over advection-dispersion
transport in the SZ. The model did not show sensitivity to the Unsaturated Zone
Sorption Coefficient.
The M3ENP-AD model was highly sensitive to phosphorus loading from atmospheric deposition. Raghunathan et al. (2001) also found their numerical model sensitive to atmospheric deposition and showed that this parameter has a strong influence
on areas with typically low TP. Sorption values were calibrated based on the observed total phosphorus; therefore, any sources of phosphorus added to the model
must be accurate. Values for wet and dry atmospheric deposition were taken from
the literature. A rainfall concentration of 0.0017 mg/L (Grimshaw and Dolske, 2002)
and a general dry loading from the atmosphere of 13.2 g/day (Ahn and James, 2001;
Redfield, 2002) was used uniformly over the entire domain.

4.4.3

Scenario Analysis

The Tamiami Trail Modification Scenarios were simulated using parameters from
the calibrated Baseline scenario, which are summarized in Table 5.1). Very minimal
changes in TP load occurred in the model domain for the simulation period using
the bridge scenarios. The average TP load (g/day), shown in Figure 4.8, increased
with the addition of bridges for the Shark Slough data points (SRS2 and SRS3).
Average load decreased with the addition of bridges at the site closest to the bridge
area (SRS1d) and at downstream Taylor Slough sites (TS/Ph3 and TS/Ph5).
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Figure 4.8: Average TP load (g/day) for Observed, Baseline, One Bridge, and Two
Bridge Scenarios.

While site-specific increases in TP load occurred with the addition of bridges, in
general, the model domain experienced a decrease in dissolved TP concentrations as
shown in Table 4.4. The Overland TP Mass decreased an average of 14.4-14.8% for
the entire simulation period (7/20/2006 - 12/1/2010). The Everglades wet season
ranges from about mid-May to November (May 15 to Nov. 1) and the dry season is
the remainder of the year (Nov. 2 to May 14). The wet seasons which were within
the simulation period were from 2007 to 2010. These wet season domain average
values were then averaged again to get a mean wet season value for the entire model
domain and simulation period. The same was done for the dry season. In general the
water column TP concentration decreased during the dry season by 2.8-3.6% and in
the wet season by 4.1-4.6%. The Overland TP Mass decreased during the dry season
by 11.2-11.8% and in the wet season by 13.6-14.1%. It is interesting to note that the
percent change in overland TP mass is significantly greater, this is because it includes
the depth of the overland water column
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Table 4.4: Percent change in overland TP concentration and overland TP mass for
the M3ENP-AD model.

Total Change
Avg. Dry Season
Avg. Wet Season

Overland Concentration (mg/L)
One Bridge Two Bridges
-4.62%
-3.95%
-3.59%
-2.76%
-4.58%
-4.10%

Overland
(g/m2 )
One Bridge
-14.35%
-11.20%
-13.59%

Mass
Two Bridges
-14.80%
-11.75%
-14.11%

Figure 4.9 compares the Overland TP mass per area (g/m2 ) for the Baseline and
the Two Bridges Scenario on a late-wet season day when TP spiked unusually high.
The date of comparison, 11/1/2008, was chosen because it is during the Everglades
wet season and it demonstrates a spike in the phosphorus which came from a high
measurement at the S333 structure on 10/1/2008. This figure illustrates the change
in the TP mass transport over the entire domain. The change is specifically visible
in the NESS region. The One Bridge simulation was omitted from the figure because
there is minimal difference between the One Bridge and Two Bridge Scenarios.

Figure 4.9: Overland Phosphorus Mass per Area (g/m2 ) for the Baseline versus Two
Bridge Scenarios on 11/1/2008

The Overland Flow velocity is driving TP mass transport for both scenarios in
Figure 4.9. The average Péclet numbers for the entire region are around 58, indicating
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Table 4.5: Analysis of average daily loads and maximum cumulative loads for locations
A and B along the NESS transect.
Transect
Average Daily
A
Load (kg/d)
B
Max Cumulative
A
Load (kg)
B

Baseline
0.104
0.188
165.23
299.82

One Bridge
0.060
0.242
95.56
386.24

Two Bridges
0.057
0.235
90.74
375.69

that phosphorus transport is primarily an advective process within the model domain
on the 11/1/2008 analysis day.
The primary goal of the Tamiami Trail modifications is to increase water levels
and flows to Northeast Shark Slough (NESS) (Boler and Sikkema, 2010). To observe
how the implementation of bridges and raised canal stages impact this region, two
points were selected along within NESS along the flow direction (illustrated as point
A and B in Figure 4.10). Point A is 6.8 km south of the L-29 canal and 9.2 km west
of the L-31N canal. Point B is located 9.63 km southwest (downstream NESS) of
Point A.

Figure 4.10: Points A and B located in NESS along the flow direction.
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Figure 4.11: Daily and cumulative TP load (kg) for Points A and B located in NESS.
Daily and cumulative TP Load in A (upstream) decreases with bridge scenarios and
TP Cumulative Load in B (downstream) increases with bridge scenarios.

Figure 4.11 shows the daily and cumulative load (in kg of TP) at A and B and
Table 4.5 provides the average daily load and max cumulative loads for each scenario.
The TP load for all scenarios is larger downstream. Cumulative TP load decreases
upstream and increases downstream with the One Bridge and Two Bridges scenarios.
Daily TP load tends to decrease at A with bridge scenarios and increase at B with
bridge scenarios. In addition, the shape of the daily load curves change with the
bridge scenarios at the downstream location B. This change may be caused by the
switching of the dominant form of transport in that area. Higher flows caused by the
addition of bridges may change the transport mechanism from dispersion-dominant
to advection-dominant.
The increase in loading is due to the increase in flow velocities downstream (as the
water flux is a multiplier for load). Long et al. (Submitted 2014) demonstrated that
the addition of bridges and elevated canal stages as modeling scenarios created higher
water levels and flows within ENP. Because the advection-dispersion calculation relies
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on these parameters, it is intuitive that phosphorus load will increase within the model
domain with increasing flows.

4.5

Conclusions

Everglades ecosystem restoration efforts are driven by infrastructure changes which
may change Everglades hydrology and hydrochemistry. It is important to estimate
the effects of these infrastructure changes, such that restoration decisions can be
guided by comprehensive scientific analysis. The M3ENP model simulates the entire
hydrological cycle of the Everglades, and includes water flow calculations for overland,
channels, the unsaturated zone soil layers, and saturated zone aquifer layers (Cook,
2012; Long et al., Submitted 2014). A phosphorus transport model was developed
using results from the M3ENP water model to calculate the advection-dispersion of
phosphorus in ENP from July 2006 to December 2010. The model (termed M3ENPAD) was calibrated with observed phosphorus values (in water mg/L) at ENP interior
locations using model parameter optimization. The model showed sensitivity to overland dispersion, the linear sorption coefficient, and the atmospheric deposition (wet
and dry). The model performed well with a correlation coefficient of 60% for the 6
observation points within the domain.
The M3ENP-AD model was used to simulate the effects of raising the Tamiami
Trail roadway with proposed bridges and increasing L-29 canal stages. The One
Bridge Scenario (which simulated the newly-constructed 1-mile Tamiami Trail bridge
and an increase in canal stage) and Two Bridge Scenario (which added an additional proposed 2.6-mile bridge to the One Bridge Scenario) were evaluated with the
M3ENP-AD model calibrated parameters. The average TP concentration decreased
by 4 to 4.6% and the average TP mass per area decreased by 14.4-14.8% in all cells
within the model domain with the Tamiami Trail modifications.
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Many interior locations within the model domain experienced a general increase
in the Daily TP Load with the addition of bridges, most especially during highflow periods. However, Taylor Slough experienced a decrease in TP Load with the
addition of bridges. Northeast Shark Slough (NESS), a target ecosystem for many
recent restoration efforts, experienced an increase in cumulative TP load of about
30% over the simulation period with the inclusion of the 1-mile bridge and raised
canal stages.
This study was limited by the availability of a complete long-term phosphorus
data record. In addition, the model simplified and aggregated the complex sorption
and uptake mechanisms which control phosphorus transport in the ENP. However,
the M3ENP-AD model provides a tool which can simulate the transport of a key
nutrient in the Everglades system and provide insight toward the effects of future
restoration efforts.
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CHAPTER 5

MODELING NUTRIENT LOADING AND TRANSPORT THROUGH
EVERGLADES NATIONAL PARK, FL, USA USING A MASS
BALANCE APPROACH

5.1

Introduction

The M3ENP-AD model (explored in Chapter 4) uses hydrodynamic results from the
calibrated M3ENP (Mike Marsh Model of Everglades National Park) to model phosphorus fate and transport using the advection-dispersion-reaction equation (ADRE).
Reactive transport using a linear sorption coefficient provides a mechanism for phosphorus removal from the water column via sorption to an immobile phase. In this
chapter, the sorption isotherm used in the reactive transport equations are substituted for uptake and release kinetics formulated via mass balance. The resulting
M3ENP-MB model was developed using the ECO Lab module from DHI Group.
The success of mass balance equations for determining T P transport in the Everglades is well documented. Walker (1995) developed a mass balance model for total
phosphorus in the Stormwater Treatment Areas south of Lake Okeechobee and the
agricultural areas. The Dynamic Model for Storm Water Treatment (DMSTA2) includes differential equations to describe steady-state water and phosphorus balances
in each wetland segment (Walker, 1995). This includes an effective settling velocity
and a correction factor for the percentage of dry days in the average year. Further
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development of this model included the uptake and release of phosphorus to the soil
or UZ, as well as a burial term for the permanent storage of stable forms of P to
the accreting peat layer (Walker and Kadlec, 2011). However, Walker’s model was
developed to determine annual T P budget over an entire wetlands.
Wang et al. (2012) simulated TP transport in a compartmentalized portion of the
Everglades using the dispersive mass balance equation. The reactive loss of TP was
estimated based on the DMSTA2 model developed by Walker (1995); Walker and
Kadlec (2011).
Paudel et al. (2010) follows the work of Walker and Kadlec (2011) yet his model
differentiates concentrations over time rather than for the wetland area (Paudel et al.,
2010).

5.2

Methods

The M3ENP model domain, shown in Figure 5.1, is approximately 2,720 sq km and
includes parts of Everglades National Park (ENP), WCA 3a and 3b, and agricultural
areas of Miami-Dade County in South Florida (Cook, 2012; Long et al., Submitted
2014). This region encompasses a range of ecosystems including ridge and slough,
wet prairies, tree islands, pine forests, cypress forests, upland pine forests, mangrove
forests in estuarine regions, and agricultural areas (Stone and Legg, 2001).
The fate and transport of phosphorus in Everglades National Park was modeled
using a 3-D finite-difference approach. Two methods for determining phosphorus
transport were evaluated in conjunction with the M3ENP hydrodynamic results. Both
methods were used to examine restoration efforts for ENP, including the effects of
bridge additions on nutrient transport. The first method evaluates how the chemical
transports in the system via advection (moves with the water) and dispersion (moves
down a concentration gradient), as well as how it interacts with the soil and rocks of
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Figure 5.1: Model domain located in southern Florida.

the unsaturated and saturated zones (sorption and desorption). The second method
utilizes the ECOLab module to develop a set of mass balance equations for sorbed
and dissolved phosphorus.

5.2.1

Advection-Dispersion Model Development

The MIKE SHE water movement module supports the calculation of solute transport in the different parts of the hydrological cycle, including overland flow (OL),
unsaturate zone flow (UZ), and saturated zone flow (SZ). Water flow, water contents,
hydraulic heads and water levels calculated in the water movement simulation are
used to calculate the solute transport (Refsgaard and Storm, 1995).
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Two species were specified for the Advection-Dispersion transport: T P (total
phosphorus in the water column) and T PS (total phosphorus sorbed). The two were
linked via sorption processes and solubility maximums. A linear sorption coefficient
controlled the rate of sorption/desorption between the two species and any TP that
reached maximum solubility would precipitate out of the water column into the sorbed
species.
Solute transport is calculated in MIKE SHE using the Advection-Dispersion equation:
∂
∂
∂c
=−
(cvi ) +
∂t
∂xi
∂xi



∂c
Dij
+ Rc
∂xj

(5.1)

Where c is the concentration of the solute, vi is the velocity tensor (calculated from
the WM simulation), Dij is the dispersion tensor (from user-specified longitudinal and
transverse dispersion coefficients), and Rc is the sum of the sources and sinks.
The Advection-Dispersion equation is used to calculate the solute concentration
in the Overland Flow for horizontal transport (where i, j = 1, 2 for two-dimensional),
in the Unsaturated Zone for vertical transport (only calculated in the z direction),
and in the Saturated Zone for transport in three dimensions(i, j = 1, 2, 3) depending
on the WM setup. The entire Advection-Dispersion with Reactive Transport process
is illustrated in Chapter 4.

5.2.2

Mass Balance Model Development

Based on the work of Walker and Kadlec (2011) and Paudel et al. (2010), a mass balance equation was developed using DHI’s ECOLAB module for use with the M3ENP
model. ECOLab is an add-on component which allows user-specified processes to be
programmed in addition to the Advection-Dispersion processes which are inherent in
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the MIKE SHE model. Figure 5.2 illustrates the process used for determining the
change in T P and T P S in the cell for each time step.

Figure 5.2: Schematic for the Mass Balance process.

The Saturated Zone layer was included in the Mass Balance formulation because
analysis of the Advection-Dispersion study showed that the model was highly sensitive to the SZ sorption coefficient. In addition, in many regions of ENP, the overland
water is indistinguishable from the groundwater. The following set of equations were
developed using the mass balance method. They include the transformation of phosphorus from the dissolved T P to the suspended T P S species and from the dissolved
T P to the sorbed ST PS species.
d(T P )
kr T P S
=
dt
(1 + ku )
d(T P S )
ku T P
=
dt
(1 + kr )
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(5.2)

In the Overland Flow component, ku is the uptake rate from the dissolved form
to suspended solids (SS) in the water column and kr is the release rate from SS to
the dissolved species.
krs
d(T P )
=
ST P S
dt
d(1 + kus )
d(ST PS )
dkus
=
TP
dt
(1 + krs )

(5.3)

For the Saturated Zone, kus is the uptake rate to SZ aquifer materials and krs
represents the release rate of SZ materials back into the dissolved component. The
overland water depth d is used to convert back and forth from the the volume-based
concentration to the dry-mass concentration. These mass balance equations were
then coded within the ECOLab module in separate calculations for Overland Flow
(including 1-D Channel Flow) and Saturated Zone.

5.2.3

Phosphorus Sources

Phosphorus loading was applied to the M3ENP-MB model as it was applied to the
M3ENP-AD model in Chapter 4: i) as observed and constant concentration inflows
at canal boundaries and ii) as atmospheric deposition.

Canal Inflows
Phosphorus concentrations are input at all MIKE 11 boundaries as inflow concentrations. A background constant concentration of 0.001 mg/L was used for all boundary
locations as a continuous point source. Observed T P concentration timeseries are
used at critical inflow points such as the S333, S335 and S178 structures where ENP
inflows are controlled with gated structures and flow operations. Modeled canal water
levels and inflows from the M3ENP hydrodynamic model are used to determine the
total loading.
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Atmospheric Deposition
A constant concentration was applied to the precipitation rate over the entire domain
to represent the Wet Deposition of phosphorus. The precipitation rate for the model
is a daily rainfall map which was interpolated from rainfall gauge stations over a 1200
m gridded domain. By multiplying the phosphorus wet atmospheric deposition concentration T Patm with the daily rainfall maps, a continuous 2-dimensional source of
T P loading is applied to the models. A constant loading of 13.2 g/day of T Pdrydep was
applied over the entire domain as a daily uniform overland loading. This represents
the Dry Deposition of phosphorus.

5.3

Results and Discussion

5.3.1

M3ENP-MB Calibration

The M3ENP-AD model was run with the Baseline scenario. All model results were
compared with the observed values obtained from the Florida Coastal Everglades
Long-Term Ecological Research (FCE LTER) Core Data (Childers and Troxler, 2013a,b,
2008, 2013c,d,e). A linear interpolation was performed on the observed datasets to
fill the date range. Observed and Modeled TP loading through the calibration points
was calculated using the x- and y-directional Overland Flow values (Qx and Qy in
m3 /s) obtained from the M3ENP water movement simulation and the observed and
modeled TP concentrations.

LoadT P = F lux × Concentration
q
= Q2x + Q2y × CT P

(5.4)

Model performance measures such as the Correlation Coefficient (Corr), Root
Mean Squared Error (RMSE), and the Nash-Sutcliff model efficiency coefficient (NS)
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Table 5.1: Calibrated model parameters for M3ENP-MB.
Parameter
Canal Dispersivity, a
OL Longitudinal Dispersion Coefficient, DL
OL Transverse Dispersion Coefficient, DT
Wet Atmospheric Deposition, T Prain
Dry Atmospheric Deposition, T Pdrydep
Uptake rate in surface waters, ku
Release rate in surface waters, kr
Uptake rate in groundwater, kus
Release rate in groundwater, krs

Units
m2 /s
m2 /s
m2 /s
mg/L
g/day
d−1
d−1
d−1
d−1

Value
15.0
0.0001
10−5
0.0017
13.2
0.01
0.011
0.001
0.0025

were calculated for each observed dataset and used to for exploratory model parameter
calibration.
Figure C.3 shows the M3ENP-MB model results versus the observed values of
TP daily load and cumulative load over the simulation period from 7/20/2006 to
12/31/2010 for stations SRS3 and TS/Ph3. All of the M3ENP-MB results can be
found in Appendix C
The M3ENP-MB model under-performed in comparison to the M3ENP-AD model
for certain stations. This indicates that i) the Everglades ecosystem may follow the
Advection-Dispersion with linear sorption reaction equation and that ii) the M3ENPMB model parameters may require further calibration in the future. Table 5.2 compares the statistical performance of the M3ENP-AD and M3ENP-MB models with
observed data.

5.3.2

Model Mass Balance

Total Phosphorus undergoes transformations and transports between the surface and
subsurface components before leaving the system. To illustrate the movement within
the system, a mass balance was performed for for a single full modeled year (1/1/2009
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Figure 5.3: Comparison of observed versus M3ENP-MB model results for the SRS3
water quality monitoring station. The top graph is the daily TP value (in mg/L)
comparison for SRS3 and the bottom graph shows cumulative load for the SRS3
station.
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Table 5.2: Comparison of M3ENP-AD and M3ENP-MB model performance.

SRS1d

SRS2

SRS3

TS/Ph2

TS/Ph3

TS/Ph5

RMSE
Correlation
NS
RMSE
Correlation
NS
RMSE
Correlation
NS
RMSE
Correlation
NS
RMSE
Correlation
NS
RMSE
Correlation
NS

M3ENP-AD
185.99
0.3353
-0.5603
350.04
0.3787
0.0776
496.54
0.3440
0.0417
207.21
0.7631
0.5429
71.60
0.8461
0.6550
66.93
0.8754
0.6998

Coef

Coef

Coef

Coef

Coef

Coef

M3ENP-MB
240.00
0.1515
-1.5981
376.71
0.3660
-0.0683
511.26
0.3820
-0.0160
361.48
0.4175
-0.3912
166.23
0.5899
-0.8595
157.86
0.7792
-0.6698

to 12/31/2009) over the entire model domain. Figure 5.4 shows the movement of T P
between the OL, UZ, and SZ, as well as uptake to and release from sorped forms.
The mass balance of the M3ENP-MB model shows that much of the transport
of TP occurred as uptake to sorped ST PS and release to soluble T P SZ. To ensure
that the values for mass of T P were realistic, a water balance was performed for the
hydrodynamic results. This provided the volume of water moving within the model
for 2009. The average concentration of T P within the system was then calculated,
and remained within a reasonable range of about 3 × 10−3 mg/L for subsurface flow
and 3 × 10−3 mg/L for OL flow. The TP concentration from atmospheric deposition
was 1.19 × 10−3 mg/L, slightly less than the input of 1.7 × 10−3 mg/L.
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Figure 5.4: Schematic illustrating the movement of phosphorus between surface and
subsurface flow and uptake to sorped forms. This mass balance was performed for a
single modeled year, 2009, over the entire model domain.

5.4

Conclusions

A mass-balance based phosphorus fate and transport model was developed (M3ENPMB) using Advection-Dispersion equations, which describe physical movement of TP,
and uptake/release equations, which describe lumped biophysical exchanges with the
TP in the water column, suspended sediments, and sorbed material. The mass balance
equations were developed into the ECOLab module, which works in coordination with
the MIKE SHE/MIKE 11 water movement and AD water quality models.
A variety of rate constants which describe the uptake and release of phosphorus
were used in the equations and were calibrated using exploratory statistical analysis
with observed data. These rate constants are generalized for all TP uptake and release
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processes. TP uptake to the water column suspended sediments, ku , and the release
from these sediments, kr , were calibrated to be 0.01 and 0.011, respectively. TP
uptake to the groundwater fixed material, kus , and the release from these sediments,
krs , were calibrated to be 0.001 and 0.0025, respectively.
The M3ENP-MB model has the potential to characterize phosphorus transport
and biogeochemical uptake and release processes in the Everglades. However, further
parameter optimization is required to better represent the spatial inhomogeneity of
nutirent/ecosystem interactions.
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CHAPTER 6

REMOTE SENSING AND STATISTICAL MODELING OF
PHOSPHORUS IN ENP, FL, USA

6.1

Introduction

Phosphorus increases the biomass of Everglades ecosystems; including sawgrass, periphyton, and cattail communities (Chiang et al., 2000). This increase in biomass is
a measure of the productivity of the system, which can be monitored from satellite
remote sensing. NDVI (Normalized Difference Vegetation Index) uses the relative
spectral reflectance of vegetation in the red and near infrared (NIR) to monitor plant
productivity, photosynthetic activity, and leaf area, as well as land use and land cover
(LULC) (Griffith et al., 2002). Biosynthetic properties determined from spectral indices can be used to relate spectral reflectance to the total nutrient content in a system
in a nutrient-limited system (Rivero et al., 2009; Pimstein et al., 2011). Alternatively,
direct correlations between image band data and nutrient content can be established
using statistical techniques such as partial least squares regression (PLSR), multiple
linear regression (MLR) and stepwise multiple linear regression (SMLR), principle
components regression, and committee trees (Ryu et al., 2011; Pimstein et al., 2011;
Ramoelo et al., 2011; Vasques et al., 2008).
Remote sensing is useful as a cost-effective tool for extensive monitoring of areas
from which data acquisition may be considered challenging, such as the extensive
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Florida Everglades. Landsat, MODIS (MODerate Resolution Imaging Spectroradiometer), and ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) are multispectral scanners which have previously been used in wetlands
mapping with some success and accuracy, including vegetation and land cover classification as well as monitoring stress and changes in biomass (Rivero et al., 2009). In
addition, Earth-observing satellites such as Landsat have been collecting images for 40
years, providing the data necessary for evaluating the long-term effects of phosphorus
loading on the Everglades.
This chapter evaluates the spectral response of Everglades vegetation to increasing soluble phosphorus availability using Landsat imagery and observed phosphorus
values. Zones of similar spectral correlation to phosphorus were discovered using
R correlation coefficients and a variety of bands, band combinations, and spectral
indices.

6.2

Background

6.2.1

Vegetation Reflectance

Incoming solar radiation will reflect off the leaf surface, enter the leaf and be either used for photosynthesis (absorped) or undergo refraction and scattering when
it encounters air spaces and water in the cells. Light that is not absorped is either
reflected back to through the leaf surface or transmitted through the bottom of the
leaf (Kumar et al., 2002).
Vegetation reflects in the visible region of the electromagnetic spectrum due
to strong adsorbtions by foliar pigments. Plant pigments such as chlorophyll and
carotene use violet-blue and red wavelengths for photosynthesis but do not use wavelengths in the green range; creating the characteristic green coloration of leaves as it
reflects back at that wavelength (Kumar et al., 2002).
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Plants have a high transmittance and reflectance in the near-infrared region (7001300 nm), regardless of pigmentation. Leaf structure, such as distribution of air
spaces and the size, shape and arrangement of cells, contribute to how near-infrared
radiation entering the leaf is reflected, whether through scattering or transmittance.
Since vegetation absorbs strongly in the red (due to the presence of chlorophyll)
and then reflects strongly in the neighboring near-infrared, this region is of interest
to vegetation spectroscopy and may be useful for determining chlorophyll content
(Kumar et al., 2002). The Normalized Difference Vegetation Index (NDVI) developed
by Rouse and Deering (1973) takes into account this red/near-infrared phenomenon
with the following equation:
N DV I =

ρ800−900 − ρ650−700
ρ800−900 + ρ650−700

(6.1)

Guyot et al. (1992) explored the red to near-infrared region of the electromagnetic
spectrum with a vegetation index called the Red Edge Position (REP) (Guyot et al.).
REP = 700 + 40 ∗

ρrededge − ρ700
ρ740 + ρ700

(6.2)

In the mid-infrared region of the electromagnetic spectrum (1300-2500nm), vegetation can reveal water content of the leaves due to vibrational and rotational states of
water molecules. In addition, some leaf biochemicals may absorb in the mid-infrared,
including cellulose, starch, proteins and nutrients (Kumar et al., 2002).
Vegetation reflectance and phosphorus
Pimstein et al. (2011) showed that the N1645−1715 waveband combination and the REP
(Eq. 6.2) could accurately predict plant nutrient concentration (specifically developed
for phosphorus and potassium) in a wide variety of agricultural fields. They identified
mineral and nutrient stresses on vegetation using both narrow-band spectral indices
and regression modeling of individual spectral bands (Pimstein et al., 2011).
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Because there are no currently known adsorbtion features associated with foliar P,
Ramoelo et al. (2013) used all of the adsorption features associated with chlorophyll,
protein, sugar, and starch to determine plant P levels. Starch, sugar, lignin, or
protein are often associated with the adsorption of light in the Short-wave infrared
range. Starch is biosynthesized via the use of adenosine diphosphate (ADP) and the
enzyme glucose-1-phosphate adenylyltransferase with energy in the form of adenosine
triphosphate (ATP), the entire biosynthesis process is dependent on the availability
of phosphates (Smith, 2001). Burauel et al. (1990) determined that the amount of
carbohydrates in a plant (sucrose, glucose, and fructose) was related to the phosphate
availability. Therefore, starch (bonded glucose units) and other related compounds
may indirectly indicate phosphorus content (Zhang et al., 2013).
Relationships between NVDI temporal and value metrics and water quality parameters of nearby streams have been found. Specifically, the NDVI-derived date of
onset greenness is correlated to the amount of stream total phosphorus (Griffith et al.,
2002).

6.2.2

Everglades vegetation

The Florida Everglades is a diverse freshwater wetlands dominated by ridges and
sloughs, wet prairies, and streaked with tree islands covered with hammock communities. Cyprus swamps can also be found throughout the Everglades and the
Everglades coast is covered in mangroves, forming a lush estuarine community. However, the majority of the Everglades landscape is dominated by sawgrass (Cladium
jamaicense Crantz), covering 65-70% of the marsh (Davis, 1990). The reason for
the success of sawgrass in the Everglades is largely due to the sedges low nutrient
requirements, an adaptation that proved beneficial in the historically oligotrophic
surface water (5-15 µg P/L) (Davis, 1990; Chiang et al., 2000). However, with the
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increase in nutrient inflow to the Everglades via agricultural and urban runoff, sawgrass communities are being replaced by cattail (Typha domingensis Pers.), which is
able to utilize soluble reactive phosphorus for growth more aggressively.
Chiang et al. (2000) studied the effects of additional N and P to experimental plots
in WCA 2B of the central Everglades. They showed that the addition of phosphorus
to the study plots significantly increases LAI, ground area photosynthesis, and leaf
tissue P. While a significant relationship between leaf area photosynthesis and foliar
P concentrations was found for cattail (r2 = 0.22), no statistical relationship was
found for sawgrass (r2 = 0.01) (Chiang et al., 2000).

Everglades vegetation reflectance
Anderson et al. (1997) showed that there is a strong correlation between sawgrass
community biomass densities and spectral reflectance as obtained from a field spectroradiometer at around 770nm. This correlation was strongest during a period of
low water level. They used a modified NDVI to represent vegetation abundance in
sawgrass communities (shown in Equation 6.3) (Anderson et al., 1997).
[N DV I]AM =

(770nm − 650nm)
(770nm + 650nm)

(6.3)

The study also showed that a greater amount of sawgrass biomass is detectable
(20-60%) during the dry season when the water levels are at their lowest (below 0.5m)
(Anderson et al., 1997).

6.2.3

Landsat satellite imagery

Landsat Thematic Mapper and Landsat Enhanced Thematic Mapper Plus (ETM+)
have similar spectral bands. With the exception of the resolution of the thermal band
and the panchromatic band in the ETM+, data from the two sensors are the same
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and can be used for analysis without noticeable issues. Bands 1, 2, and 3 are within
the visible spectrum and represent blue, green, and red, respectively.
Table 6.1: Landsat TM and ETM+ bands which are useful for vegetation reflectance
measurements.
Band
Band
Band
Band
Band
Band
Band

6.3

1
2
3
4
5
7

-

Blue
Green
Red
Near Infrared
Short-Wave Infrared
Short-Wave Infrared

Wavelength range (nm)
450-520
520-600
630-690
770-900
1550-1750
2090-2350

Resolution (meters)
30
30
30
30
30
30

Methods

This paper seeks to determine correlations between reflectance of vegetation and
phosphorus content in ENP waters. A method involving data extraction and filtering
followed by statistical analysis and evaluation was developed.

6.3.1

Data Collection and Data Extraction

In order to perform correlations between reflectance and phosphorus content of vegetation, these two datasets must be obtained.

Reflectance Data
Landsat spectral data for the Florida Everglades (Path 15, Row 42) is available to
search, filter, select, request, and download in the EarthExplorer online database
(USGS, 2014). The Landsat Surface Reflectance CDR (Climate Data Record) imagery is a high-level dataset which has undergone geometric and atmospheric correction routines to reduce the effects of water vapor, ozone, incoming radiation, land
surface elevation, and other image-distorting phenomena (USGS, 2013; Masek et al.,
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2006). Images from this dataset were selected based on the clarity of the scene, i.e.
minimal cloud cover, from 1999 to present. No additional pre-processing was required
for the selected Landsat Surface Reflectance scenes. Twenty five images in total were
selected; Table 6.2 shows all of the downloaded Landsat Surface Reflectance CDR
imagery with the date the image was taken and the Landsat satellite which was used.
Landsat Surface Reflectance imagery was used to extract Band values at each phosTable 6.2: Landsat Surface Reflectance CDR imagery acquired from the USGS.
Satellite
Landsat 5 TM
Landsat 5 TM
Landsat 5 TM
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+

Date
1/25/1999
2/26/1999
12/19/1999
2/5/2000
2/21/2000
11/6/2001
1/9/2002
6/2/2002
11/9/2002
2/13/2003
12/30/2003
1/15/2004
6/23/2004

Satellite
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+

Date
1/17/2005
2/18/2005
4/23/2005
5/9/2005
12/3/2005
1/4/2006
3/25/2006
5/28/2006
2/8/2007
11/7/2007
3/14/2008
5/1/2008

phorus sampling site. To ensure that the values are not just reflectance anomalies,
a 3x3 Low-Pass Gaussian Convolution was first applied to each image. This process
interpolates values with those around it in a 3x3 cell square. The cell values corresponding to the phosphorus sampling sites were then extracted. Indices such as NDVI
and REP were calculated directly from the band values for each sampling location.

Phosphorus Data
Observed TP values (in mg/L) were obtained from the Florida Coastal Everglades
Long-Term Ecological Research (FCE LTER) Core Data (Childers and Troxler, 2013a,b,
2008, 2013c,d,e). Phosphorus data from the sampling sites were obtained as a time
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series and data was selected on or near the Landsat image date of acquisition. P
data was extracted using 4 different methods: i) 30-day average of the TP data prior
to the Landsat image date, ii) 30-day maximum value of the TP data prior to the
Landsat image date, iii) 90-day average of the TP data prior to the Landsat image
date, and iv) 90-day maximum value of the TP data prior to the Landsat image date.
Averages were used to remove the effect of minor fluctuations in the water column,
and maximum values were used to emphasize water column P variability. The 90day averages and maximums were used to test for any long-term trends or delays in
vegetation response to P.

Additional Data
Other factors may play a role in the spectral signature as it relates to phosphorus
content; including vegetation type, water level, soil moisture content, etc. This data
is available using the M3ENP model results ((Long et al., Submitted 2014) or Chapter
3) for depth of overland water and soil moisture. Data was selected at the P sampling
locations and values associated with the dates for the Landsat images were extracted.

6.3.2

Spectral Indices

The Landsat Band data was extracted and a variety of spectral indices were calculated
and evaluated for potential correlation with phosphorus data. Spectral indices were
selected from literature based on their usefulness in obtaining biophysical information
such as Leaf Area Index (LAI), biomass coverage, or plant productivity. These indices
and their equations are provided in Table 6.3.
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Table 6.3: List of spectral indices used to evaluate correlations between phosphorus
content and vegetation reflectance. Index equations and their original developer are
provided.
Index

Full Name

Equation

Author

SIPI

Structure Independent

N IR−Blue
N IR−Red

(Penuelas et al., 1995)

Red−Blue
N IR

(Merzlyak et al., 1999)

Pigment Index
PSRI

Plant Senescence
Reflectance Index

TM3/TM1

TM3/TM1

Red
Blue

TM5/TM4

TM5/TM4

SW IR
N IR

TM4/TM1

TM4/TM1

N IR
Blue

ARI

1
Green

Anthocyanin

−

(Datt, 1998)
1
N IR

(Gitelson et al., 2001)

Reflectance Index
TM2/TM3
EVIm

Greeness Index

Green
Red

(Smith et al., 1995)

Enhanced Vegetation

N IR−Red
2.5 N IR+6Red−7.5Blue+1

(Huete et al., 1994)

Index (MODIS)
TVI

Transformed

q

N IR−Red
N IR+Red

+ 0.5

(Deering et al., 1975)

Vegetation Index
OSAVI

Optimized Soil

N IR−Red
1.16 N IR+Red+0.16

(Rondeaux et al., 1996)

N IR−Red
2.5 N IR+6∗Red+1

(Huete et al., 2002)

Adjusted Veg Index
EVI2

Enhanced Vegetation
Index (2 Band)

MTVI2

Modified Triangular

1.5[1.2(N IR−Green)−2.5(Red−Green)]
√
√
2N IR+12 −(6N IR−5 Red)−0.5

(Haboudane et al., 2004)

Vegetation Index
MCARI a

Modified Chlorophyll

((N IR − Red) − 0.2 ∗ (N IR − Green) ∗

Absorption Ratio

(N IR/Red))

(Daughtry et al., 2000)

Index (Chl a)
RVI
NRVI

Ratio Vegetation Index

Red
N IR

(Richardson and Wiegand, 1977)

Normalized Ratio

RV I−1
RV I+1

(Baret and Guyot, 1991)

Vegetation Index
Continued on Next Page. . .
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Table 6.3 – Continued
Index
CTVI

Full Name
Corrected Transformed

Equation
N DV I+0.5
|N DV I+0.5|

p
∗ | N DV I + 0.5 |

Author
(Perry and Lautenschlager, 1984)

Vegetation Index

6.3.3

Statistical Methods

It is notoriously difficult to detect wetland vegetation type and other vegetation
parameters due to several factors that are unique to wetlands habitats; including
submerged and emergent vegetation in standing water (Dahl, 2006), high spatial
complexity and temporal variability (Klemas, 2011), and the difficulty of performing
ground-truthing in remote wetlands regions (Zomer et al., 2009).
The R correlation coefficient is related to the covariance of two variables. In
order to determine if there is a correlation between two variables, the R correlation
coefficient was determined for a matrix of values including several different observed
values (TP 30-day Avg, TP 30-day Max, etc.), the observed Band Values (for Bands
1 - 5, and Band 7), and a range of Band-derived indices (including NDVI, EVI, etc.).
The R correlation coefficient was filtered using the P value, which is the probability
of getting a correlation as large as the observed value by random chance, when the
true correlation is zero. If the P-value is small (<0.05), then the R correlation is
significant. Any R correlations which have a P-value above 0.05 were removed and
the remaining correlations are considered significant.
Initial R correlation coefficient screening on the entire dataset showed almost
no significant correlations between observed TP values and Landsat Band data or
indices. However, many of the indices and bands showed correlation to the depth of
the overland water. Overland water depth is cyclical in the Everglades and follows a
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wet season to dry season pattern which may have been correlating to the reflectance.
To remove this effect, the dataset was filtered for water levels less than 15 cm. The
remaining 43 data points are spread throughout Shark and Taylor Sloughs and are
mostly within the dry season, with some points into the early wet season. The P-value
filtered R correlation coefficients are shown in Table 6.4.
Table 6.4: R correlation coefficients, filtered for significance (P-value <0.05), are
shown for all the Landsat bands and a variety of indices. Days where water levels
exceeded 15 cm above the ground surface were removed from the dataset prior to
analysis.

B1 (Blue)
B2 (Green)
B3 (Red)
B4 (NIR)
B5
B7
NDVI
SIPI
PSRI
TM3/TM1
TM5/TM4
TM4/TM1
ARI
TM2/TM3
EVIm
TVI
OSAVI
EVI2
MTVI2
MCARI a
RVI
NRVI
CTVI

TP
30- TP
30day Avg
day Max
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
-0.3354
-0.3147
-0.3784
-0.3570
-0.4014
-0.3787
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
0.3988
0.4268
0.4483
0.4279
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
-0.3022
-0.3486
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig

TP
90- TP
90day Avg
day Max
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
-0.3433
Not Sig
-0.3664
Not Sig
-0.3592
-0.3154
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
0.4010
0.4185
0.3289
0.4118
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
-0.3231
-0.3511
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig

Water
Depth
Not Sig
Not Sig
Not Sig
Not Sig
-0.3022
-0.3070
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig
Not Sig

While no Bands showed a direct correlation to TP, several indices showed significance to TP values, many of which include Bands 1, 3 and 4 in their calculation.
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EVIm showed the greatest significance and, of those which showed significance, EVIm
had the greatest linear relationship to the observed data.

Enhanced Vegetation Index
The Enhanced Vegetation Index was developed by Huete et al. (1997) to optimize
the vegetation signal with improved sensitivity in high biomass regions. The EVI
decouples the influence of canopy background signal (or soil signal return) and atmospheric resistance (Huete et al., 2002). The EVIm was then calibrated using MODIS
and coefficients were established as shown in Equation 6.4 (Huete et al., 1997, 2002).
EV Im = 2.5 ∗

N IR − Red
1 + N IR + 6Red − 7.5Blue

(6.4)

The EVI has shown to provide better vegetation classifications over NDVI due
to an extended linear response over a wider range of vegetation conditions (Huete
et al., 1997). This vegetation index is useful for providing radiometric and biophysical
information for land surface characterization (Huete et al., 1997, 2002).
A modification to the EVIm was performed in order to take into account the
moisture signal shown the spectral reflectance of vegetation. In Table 6.4, the Shortwave infrared bands showed statistical correlation to the water depth. This may be
due to the wet-dry signal of vegetation; i.e. if the region is dry the plant health
or vigor will decline. A modification to include this band was added to the EVIm
equation. A weighting coefficient for Band 7, herein termed the wetlands coefficient γ,
was calibrated using the dataset to γ = −0.45. The MODEVIm is shown in Equation
6.5. This modification increased the R correlation coefficient for all data points by
11% for the 30-day averaged TP.

M ODEV Im = 2.5 ∗

N IR − Red
1 + N IR + 6Red − 7.5Blue − 0.45SW IR
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(6.5)

To further explore the correlations between specific indices and phosphorus, the
data points were separated into zones of similar reflectance. This was done using
exploratory analysis of the dataset and the R correlation coefficients. Stronger relationships which explain a regional variation were placed into separate zones.

6.4

Results and Discussion

6.4.1

Regional Analysis

Regions of reflectance correlation were discovered during statistical exploration of the
data with the R correlation coefficient. While all Shark Slough data points are at
sites described as “Sawgrass dominated marsh interspersed with Eleocharis/Panicum
slough” and all Taylor Slough data points are at sites described as “Sparse sawgrass marsh”, separating the analysis into Shark Slough and Taylor Slough did not
produce the best R correlation coefficients for each.

Instead, three distinct re-

flectance/phosphorus correlation zones were identified: i) Shark Slough, ii) the Southern Glades, and iii) Reclaimed Agricultural. These zones are shown in Figure 6.1 over
the M3ENP model domain.

Shark Slough Zone
Isolating the Shark Slough data points increased the R correlation coefficients with
many of the spectral indices, all of which included some combination of the Red and
NIR bands in their calculation. The R correlation between the EVIm increased by
about 81%. A scatterplot of the 30-day average TP values versus the EVIm values
for this zone shows a linear correlation of 0.66 in Figure 6.2.
The EVIm index has been used to derive vegetation biophysical parameters such
as leaf area index, biomass, and percentage green cover (Huete et al., 1997). An increasing EVIm value indicates an increase in plant productivity. Chiang et al. (2000)
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Figure 6.1: Reflectance/phosphorus correlations zones on the map of the M3ENP
model domain located in southern Florida. Zones include Shark Slough, the Southern
Glades, and Reclaimed Agricultural.

Figure 6.2: Scatterplot of the 30-day average TP (mg/L) versus the EVIm values for
the Shark Slough Zone.
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has shown that increasing phosphorus may increase leaf area index and plant photosynthesis, an metric for plant productivity. The correlation of EVIm with phosphorus
data indicates that increasing phosphorus levels increases vegetation productivity in
the Shark Slough Zone.

Reclaimed Agricultural Zone
Areas near the detention areas and reclaimed agricultural areas of south MiamiDade county have experienced generations of anthropogenically altered hydrology
and water quality. Increased TP loading can cause changes in the vegetation species
and biomass that can alter the response of the reflectance, creating a unique signature
for the region.
The Reclaimed Agricultural Zone showed almost no correlation between phosphorus and reflectance with the exception of the MODEVIm. This modified EVIm takes
into account the relationships between the water level of the area and reflectance in
Band 7 (shown in Equation 6.5). Figure 6.3 shows the scatterplot for the 90-day
maximum TP versus the MODEVIm values.

Figure 6.3: Scatterplot of the 90-day maximum TP (mg/L) versus the Modified EVIm
values for the Reclaimed Agricultural Zone.
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A correlation with the 90-day maximum TP values could suggest that the vegetation reflectance response in this region has a longer lag-time and is affected mostly
by the larger maximum inputs. This is explained by the regions long history of phosphorus loading due to urban and agricultural runoff. Vegetation in this region may
be adjusted to the presence of elevated phosphorus levels.

Southern Glades Zone
The Southern Glades Zone encompasses much of the remaining pristine Taylor Slough
wetlands. This dataset produced statistical correlations between the 30-day average
or maximum TP values and the three visible bands, Blue, Green and Red. The
greatest statistical correlation was between the 30-day maximum TP and the Green
Band and the scatterplot for these is shown in Figure 6.4.

Figure 6.4: Scatterplot of the 30-day maximum TP (mg/L) versus the Green Band
values for the Southern Glades Zone.

Chlorophyll in plants typically absorb visible light in the blue and red spectrum
(R correlations with TP of 0.692 and 0.694 respectively) and reflect in the green
spectrum (R correlation with TP of 0.760). When plants die and the leaf turns brown,
chlorophylls and carotenes in the leaf have stopped absorbing light and are reflecting
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light in the 400 to 750 nm range (Kumar et al., 2002). That the TP concentration is
positively correlated to all three of these bands indicates that increasing phosphorus
in the Southern Glades region may contribute to leaf senescence and death.
Chiang et al. (2000) showed that periphyton declines quickly when phosphorus
levels are high. The death and decline of periphyton with added phosphorus may be
the cause of the spectral correlation with all three bands.

6.5

Summary and Conclusions

Phosphorus data from water quality stations throughout Everglades National Park
were gathered for the 1999 to 2010 period. At these stations spectral data was
extracted from selected Landsat data, which had already been ortho-rectified and
atmospherically corrected. The dataset was filtered to remove data points that were
taken during periods of inundation (water levels greater than 15 cm), which may
cause unrealistic reflectance values in the Landsat data.
The R correlation coefficients between these two datasets were examined. Several
zones of similar spectral response to phosphorus content were discovered. In the Shark
Slough zone, phosphorus was highly correlated to EVIm, the Enhanced Vegetation
Index that includes the NIR, Red and Blue bands. In the Reclaimed Agricultural
Zone, phosphorus was highly correlated to a modified EVIm, which adds the SWIR
Band 7 to take into account the effect of moisture on the reflectance signature. In the
Southern Glades Zone, phosphorus was highly correlated to each of the Blue, Green
and Red bands.
These correlations should be explored further to understand the precise cause
of the spectral response. In situ experiments and ground truthing would greatly
increase the accuracy of this data. In addition, phosphorus water column data does
not accurately represent the total loading of phosphorus available to vegetation for
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use. Local spikes in phosphorus data could be a result of nearby decaying material
or evaporation in hydrological disconnected ponds. If these spikes occur during a
dry season day when the vegetation is in decline, the correlations can be off. A
more accurate assessment of the amount of phosphorus affecting a zone would be the
load (or mass), which takes is calculated using the water flux and the phosphorus
concentration. This data can be acquired from numerical modeling results or data
collection at the site.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1

Key Findings and Conclusions

This body of research has used numerical modeling of the physical and process-based
equations that describe water movement and chemical transport to understand anthropogenic changes to the Florida Everglades. Chapter 2 provided the technical
description of the development of Mike Marsh Model of Everglades National Park
(M3ENP). This model provided the hydrodynamic results, upon which further simulations and modules could be developed. In Chapter 3, proposed bridge construction
and water level increases were examined using the M3ENP model and alterations
to key structures along the L-29 Canal and Tamiami Trail. The Baseline scenario
was calibrated using observed water level and discharges at locations throughout the
domain (calibration results can be found in Chapter 2 and Appendix A). Results
from the addition of bridges showed that the addition of the proposed 2.6-mile bridge
will increase discharges through L-29 canal culverts by 10.4%, that’s an additional
66,354.8 kAF entering ENP annually. Analysis of the changes to overland flow showed
that over 160 sq. km would have an additional 30 cm of water for 7 extra days a
year with the construction of the 2.6-mile bridge. This indicates that restoration of
hydroperiods, in areas which have been low for decades, may be partly achieved with
the construction of the 2.6-mile bridge. Raising water levels in the L-29 canal will also
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create a greater hydraulic gradient and will have a greater impact on ENP surface
water levels than with bridge construction alone.
Chapter 4 of this research applied the advection-dispersion equation with sorption
kinetics to the hydrodynamic results obtained in Chapter 3 to determine phosphorus fate and transport in ENP. The model, called M3ENP-AD, was calibrated using
observed data from water quality stations throughout ENP (Appendix B). The addition of bridges to Tamiami Trail caused a overall decrease in the total phosphorus
concentration of about 4 to 4.6% yet many location within the domain showed a
general increase in TP load (kg). While TP concentrations decreased due to the dilution effect from the additional water, the mass of TP entering the domain increased.
Parts of Northeast Shark Slough (NESS), a key component in recent ENP restoration
efforts, experienced an increase in total TP load of up to 30% over the simulation
period with the inclusion of the 1-mile bridge and L-29 canal stage increases.
Chapter 5 of this research further develops the Advection-Dispersion model by
programming a mass-balance based biogeochemical transport module using ECO Lab
with MIKE SHE/MIKE 11. The resulting model, called the M3ENP-MB model,
used the AD equation for physical transport and incorporated uptake and release
parameters for channel flow, overland flow, and saturated zone flow. The model
under-performed in comparison to the M3ENP-AD model calibrated in Chapter 4,
indicating that further calibration may be needed.
Chapter 6 of this research explores the use of satellite remote sensing to characterize how vegetation responds to phosphorus changes in the water column. Using Landsat bands and a variety of calculated spectral indices, R correlation coefficients were
used to determine statistical relationships between phosphorus in the water column
and spectral reflectance. Three unique regions of spectral response were identified
using this method. The Shark Slough, Reclaimed Agricultural, and South Glades
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Zones all correlated differently to phosphorus levels. These correlations indicated
unique spectral properties of the vegetation in each zone.

7.2

Recommendations for Future Work

Chapters 3 and 4 of this dissertation provide critical scientific insight into key questions for ENP decision makers. How will proposed bridge additions to Tamiami Trail
impact the water levels, flows, and phosphorus transport to ENP? It is recommended
that future actions regarding structural or hydraulic changes to ENP examine simulations such as these, before actions are taken that may adversely impact the ecosystem.
The 1-mile bridge along Tamiami Trail has been completed, the roadbed has been
removed, and water level and phosphorus data has been collected since the completion
of this infrastructure. It is recommended that the current model be validated using
this more recent data when it becomes available. Model refinement and further
calibration can proceed from there. All future infrastructure simulations will be
guided by the lessons learned from this initial effort.
The M3ENP-MB model explored in Chapter 5 must undergo further calibration
to better parameterize the phosphorus uptake and release components of the canals,
overland water, and groundwater. After calibration, it is recommended that the
future conditions scenarios developed in Chapters 3 and 4 be implemented into the
M3ENP-MB model.
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Appendix A

M3ENP Calibration

The following figures compare modeled (black) and observed (red) discharge and
water level data for the Baseline scenario at a variety of water monitoring stations.
The figures also provide the [X,Y] location of the station in meters for a NAD 1983
UTM Zone 17N map projection, the ”Z Grid” interpolated elevation of the model
cell, and the ”Z Survey” elevation of the monitoring station. The monitoring stations
are scattered throughout ENP as indicated in Figure A.1. Graphs of exceedance
probability for each of the points are also included. The exceedance probability
figures illustrate the probability that the water level at that station will exceed a
certain elevation for both the Observed data (red) and Baseline data (black). The
ground level is also indicated with a green line. The default for all figures is water
level data on the y-axis in NGDV feet. Station names followed by “ HW” indicate
the headwater elevation (or elevation just upstream of a water control structure),
station names followed by “ TW” indicate the tailwater elevation (or elevation just
downstream of a water control structure), station names followed by “ Q” indicate
discharge data in f t3 /s.
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Figure A.1: Selected water level and discharge monitoring stations within the model
domain. Observed data obtained from these stations were used for model calibration
and validation.
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Appendix B

M3ENP-AD Calibration

The following figures provide a comparison of modeled and observed Total Phosphorus results at 4 additional water quality monitoring stations within Everglades
National Park for the M3ENP-AD model (developed in Chapter 4). The figures show
Cumulative Load, Daily Load, and percent exceedance over the simulation period.
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Figure B.1: Calibration results for the M3ENP-AD model at the SRS1d site in Shark
Slough.
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Figure B.2: Calibration results for the M3ENP-AD model at the SRS2 site in Shark
Slough.
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Figure B.3: Calibration results for the M3ENP-AD model at the SRS3 site in Shark
Slough.
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Figure B.4: Calibration results for the M3ENP-AD model at the TS/Ph3 site in
Taylor Slough.
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Appendix C

M3ENP-MB Calibration

The following figures provide a comparison of modeled and observed Total Phosphorus
results at 6 water quality monitoring stations within Everglades National Park for
the M3ENP-MB model (developed in Chapter 5). The figures show Cumulative Load
and Daily Load over the simulation period.
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Figure C.1: Comparison of observed versus M3ENP-MB model results for two stations.
(a) SRS1d Daily Load

(b) SRS2 Daily Load

(c) SRS1d Cumulative Load

(d) SRS2 Cumulative Load

Figure C.2: Comparison of observed versus M3ENP-MB model results for two stations.
(a) SRS3 Daily Load

(b) TS/Ph2 Daily Load

(c) SRS1d Cumulative Load

(d) TS/Ph2 Cumulative Load
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Figure C.3: Comparison of observed versus M3ENP-MB model results for TS/Ph3.
(a) TS/Ph3 Daily Load

(b) TS/Ph3 Cumulative Load
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